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photonic sensor

Traditionally porous silicon based = photonic structures have been prepared by
electrochemically etching of silicon. In this work, porous multilayers of nanocolumnar
SiOx and Si02 thin films acting as near infrared (NIR) 1D-photonic nanostructures are
prepared by magnetron sputtering deposition at oblique angles (MS-OA). Simultaneous
control of porosity and stoichiometry of the stacked films is achieved by adjusting the
deposition angle and oxygen partial pressure according to a parametric formula. This new
methodologoy is proved for the synthesis of SiOx thin films with x close to 0.4, 0.8, 1.2,
1.6 and nanostructures varying from compact (at 0° deposition angle) to highly porous and
nanocolumnar (at 70° and 85° deposition angles). The strict control of composition,
structure and nanostructure provided by this technique permits a fine tuning of the
absorption edge and refraction index at 1500 nm of the porous films and their

manufacturing in the form of SiOx-SiO, porous multilayers acting as near infrared (NIR)



1D-photonic structures with well-defined optofluidic responses. Liquid tunable NIR Bragg
mirrors and Bragg microcavities for liquid sensing applications are presented as proof of
concept of the possibilities of this MS-OAD manufacturing method as an alternative to the

conventional electrochemical procedure of silicon based photonic structures.

1. Introduction
Porous silicon oxide is a classical material for the fabrication of self-standing optofluidic

actuation and/or interrogation an sensing devices and as such it has been widely used for a
large set of sensing and responsive applications including label free sensing and detection
of biomolecules and tumor necrosis factors [1-4]. Current methods of fabrication of these
porous silicon devices rely on chemical routes involving electrochemical treatments and
thermal annealing at high temperatures that may hamper their straightforward incorporation
into microfluidic systems. A motivation of the present paper is to apply thin film synthesis
routes to directly deposit porous nanostructures made of silicon oxide onto any kind of
substrates at room temperature. Key feature of the developed approach is the controlled
manufacturing of SiOx(x<2) thin films by magnetron sputtering. Thin films of this material
have been studied for decades due to their outstanding optical and electrical properties.[5-9]
Recently, SiOx nanowires have been proposed as refractive index sensing devices,[10]
while in the form of stacked layers and porous films this material is utilized for the
fabrication of Li battery electrodes.[11,12] Compact SiOy thin films have been fabricated
by various methods, including evaporation [13-15] thermal chemical vapor deposition
(CVD), [16,17] or magnetron sputtering (MS).[18-20] Radio frequency reactive MS was

profusely utilized by Habraken et al. for the deposition of SiOx thin films.[21-26] Besides
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determining the best deposition conditions to achieved a precise control over stoichiometry,
these authors studied the mechanism of the deposition process, the structure of the
deposited SiOx films by various techniques and the role of a spinodal decomposition in
controlling the distribution of oxidation states of silicon in the film. In general, most
fabrication methodologies including MS and electrochemical etching of silicon provide a
good control over the stoichiometry of compact films, but are not well-suited for
simultaneously tailoring film porosity, nanostructure and stoichiometry. [13-28] These
limitations have been overcome in the present work thanks to a new thin film synthesis
procedure consisting of the room temperature reactive magnetron sputtering deposition (r-
MS) at oblique angles (r-MS-OAD) that permits simultaneously tuning both film porosity
and O/Si ratio. For electron beam evaporated OAD films, the dependence between
nanocolumnar structure and deposition conditions has been amply discussed in literature
[29, 30] and used for the fabrication of Si or SiOy thin films with controlled nanocolumnar
microstructure.[31, 32] However, except for an early publication of Nyberg et al. [20] and a
very recent paper by us [18] no other works using r-MS have reported the possibility of
controlling the chemical composition of oxide thin films by adjusting the deposition
geometry during r-MS-OAD. Relying on the theoretical principles and ideas of these
works, in the present paper we have used a parametric two-variables (i.e. oxygen partial
pressure and deposition angle) approach to achieve a strict control over both O/Si ratio and
nanostructure of the as-deposited SiOy films.

The use of nanostructured SiOy thin films for the fabrication of near infrared (NIR)
optofluidic devices relies on their transparency in this spectral region and on the
dependence of the absorption gap and refraction index (m) on their O/Si ratio [ 5, 9, 33, 34]

with values of n at A=1500 nm that vary from ~3.4/3.5 RIU for elemental silicon to ~1.4
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RIU for Si0,.[5] Adjusting the optical properties of compact SiOy thin films by controlling
their stoichiometry has been utilized for the fabrication of compact 1D-photonic structures
that cannot be actuated by liquid infiltration (e.g., rugate optical filters, Bragg reflectors —
BRs- or Bragg microcavities —-BMs-). [35-38] The challenge in the present work is the
fabrication of planar 1D-photonic structures consisting of porous/nanostructured SiOy films
prepared by magnetron sputtering that can be operated by liquid infiltration. With this
purpose we have applied the r-MS-OAD methodology for the tailored fabrication of
optofluidic-actuated 1D BRs and BMs, these latter for label-free transducer applications.
The manufactured 1D-photonic structures have depicted a high reliability and sensitivity as
refractive index liquid sensors. To our knowledge no similar attempt based on physical
vapour deposition methods to manufacture NIR optofluidic sensor devices has been
reported in literature. Furthermore, a clear advantage of the fabrication method is the fact
that it proceeds at room temperature, thus enabling the direct integration of these
optotofluidic structures onto sensitive substrates and demonstrating the possibility of
directly integrating these NIR photonic transducers into micro- and nano-fluidic channels

or onto the surface of optical fibres.

2. Experimental Section
2.1.- Fabrication of nanostructured SiOy thin films and multilayers by reactive MS at

oblique angles.

SiOy thin films with controlled stoichiometry and nanostructure were prepared by reactive
magnetron sputtering (r-MS) in an oblique angle deposition configuration (OAD). Series of
thin films were fabricated by controlling both the oxygen partial pressure (or the oxygen
flow rate) during deposition and the angle between substrate and target (). In a previous

work we proposed a parametric equation that, for a given deposition arrangement,
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predictively obtained the stoichiometry of the SiOy thin films as a function of these two
parameters [18]. This formula reads as follows:

Xo_
Xa exp

Where ¥ and ya are the film stroichiometries in a normal (i.e., 0=0) and in oblique angle

configurations (i.e., at a given value of o) and Z the tehermallization degree of the sputtered
atoms, depending on the distance between target and substrate and the mean free path of
particles which, in turn, depends on the gas pressure in the deposition chamber. A
fundamental assumption in this equation is that the surface arrival rate of sputtered silicon
atoms changes with the deposition angle while that of oxygen molecules only depends on
its partial pressure in the plasma gas.

A plot of different curves derived from this equation is presented in Figure 1 where we
have indicated the expected basic tendencies of nanostructure and porosity as a function of
deposition angle (i.e., zones for compact, porous and well-defined nanocolumnar thin
films). It is noteworthy, that this set of curves serves for the specific reactor utilized in the
present work and that for other reactors new curves should be calculated using data
accounting for their specific geometry and working conditions. Each curve corresponds to a
series of samples characterized by a given stoichiometry but presenting quite different
microstructures varying from compact and homogenous at a=0 to highly porous and
nanocolumnar at high o values. In the present work we will show results for series of
samples prepared along the curves for x= 0.4, 0.8, 1.2 and 1.6 plotted with dashed lines in

the figure.
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Figure 1.- Plot of iso-compositional curves of SiOx thin films prepared varying both

oxygen flux and deposition angle for the experimental reactor utilized in the present work.

These curves have been derived according to a parametric equation developed in ref. [18]

Samples were prepared by r-MS using a Si target (Gencoa Ltd, Liverpool, UK) and Ar as
plasma gas (6.25 sscm or 0.15 Pa in our reactor) plus O, according to the flows in Figure 1.
The magnetron was operated under pulsed DC regime at a frequency of 80 kHz, with a 2.5
ms off time and a constant electromagnetic power of 200 W. Samples were deposited on
silicon, graphite and quartz substrates, depending on characterization tests. Samples are
named by the nominal x value of a given series and, within a series, by the specific angle
used for deposition (e.g., SiOg4-85° means a sample with a stoichiometric parameter x close

to 0.4 that was prepared at an angle of 85° between target and substrate).



Multilayers formed by stacking SiOx and SiO, films were prepared as 1D photonic systems
in the form of BRs [39] or BMs [40] and were supported on quartz. Thickness of individual
layers and their number were estimated by optical simulation. During the deposition of
multilayers it was realized that the direct stacking of porous SiOyx and SiO; films may lead
to a progressive loss of interface planarity and degradation of the microstructure, a
structural effects which entailed undesired effects in terms of light dispersion and loss of
interference pattern quality. This effect was apparent before liquid infiltration and could be
counterbalanced by the deposition on top of the nanostructured SiO; films a thin (less than
20 nm) but homogeneous capping layer of the same material. As discussed in a previous
publication, [41] this layer had little influence on the final optical properties of the photonic
structure but contributed to preserve its microstructural integrity even when stacking a large
number of layers. Capping layers were deposited as a continuation of the porous SiO, films
by just changing the deposition angle from 85° to 0° and keeping constant all other
parameters.

2.2.-Characterization of thin films and multilayers

Cross sectional and top view scanning electron microscopy (SEM) images were acquired
with a field emission microscope (FESEM model Hitachi S4800 at the Instituto de Ciencia
de Materiales de Sevilla, CSIC-US, Seville, Spain) for layers deposited on silicon
substrates. These samples were conveniently diced for cross section analysis.

Focused ion beam SEM analysis of selected samples were carried out using a FEI Helios
Nanolab 660 tool following a procedure previously reported. [42] A strip of Pt was
deposited to prevent ion damage to the surface and ensuring conductivity. Subsequently,
trenches were milled at 30 keV Ga' ion energy and the cuts observed with the electron

beam under 52° incidence in the SE mode.



Rutherford Backscattering Spectrometry (RBS) of thin films was used to determine the
O/Si ratio and the atomic thickness of films expressed in Si atoms/cm? [22, 23] in samples
deposited on flat pyrolytic graphite. Experiments were carried out in a 3 MeV tandem
accelerator at the Centro Nacional de Aceleradores (CNA, Seville, Spain) with a beam of
2.3 MeV alpha particles, accumulated doses about 10 mC, and 3 mm beam spot diameter,
and a passivated implanted planar silicon (PIPS) detector located at 165° scattering angle.
The RBS spectra were simulated with the SIMNRA software [43] The O to Si ratio defines
the film stoichiometry and was obtained from the area of the bands of these two elements
after calibration with the intensity ratio for a SiO, thin film measured under the same
conditions.

Porosity, expressed in terms of percentage of void space in the SiOy thin films, has been
roughly determined by comparing their mass thickness (t,) and their actual thickness (tsem)
by means of the relation %V=[1-tn/tsem]-100. The actual thickness of the films tsgm was

determined by inspection of the cross section SEM micrographs of the samples. The mass

thickness was approximated by the expression: t,, = [(;V—A) . Msiox] /p(Si0,),where N is
the number of SiOx molecules obtained from the RBS measurements (assuming that
each Si atom forms a SiOx molecule), Na the Avogadro’s number, Msiox the molecular
mass, and pg;o, the density of the silicon suboxide in bulk form. The density of the SiOx

thin films has been approximated according to pg;o, = (1 —x) - ps; + X - Psio,, With p

the density of the indicated compounds expressed in terms of grams per unit volume
(g/cm3).
X-ray photoelectron spectra (XPS) were recorded in the pass energy constant mode in a

Phoibos 100 DLD (SPECS) spectrometer using the Mg Ka line as excitation source. The



binding energy (BE) scale of the spectra was referred to the C1s line at 284.5 eV of the
adventitious carbon contaminating the surface of the samples. Fitting analysis of the Si 2p
spectra has been carried out under the assumption that the different oxidation states of
silicon, from Si** at 103.8 eV to Si® at 99.6 eV, [7,13, 26, 44,45 ] have BEs varying by
approximately one eV per unit of oxidation state. This approximation has been amply
utilized in literature and, within a small margin of inaccuracy, has been demonstrated
appropriate to characterize the different oxidation states of silicon in SiOx materials. In the
curse of the present investigation we found that just after a first exposure to air, the surface
of SiO thin films became extra-oxidized to an extent that depended on their stoichiometry
and porosity. This small surface oxidation by exposure to air stabilized the surface state
which, for long periods of time, remained then unmodified. To prove the extent of surface
oxidation, the XPS analysis of the thin films exposed to air was complemented with their
analysis after sputtering with Argon ions (Ar*) of 1000 eV up to a maximum time of 10
min and an etching rate of 0.2 nm min!, when no more changes could be detected in the
spectra. This experiment proved that the oxidation layer was superficial (approximately 1-2
nm) and that the extra oxidation of the surface only corresponded to a change in x between
0.1-0.2 for most samples. However, since Ar* ions may induce a preferential removal of
oxygen from the SiOy materials, assessment of surface stoichiometry will be done on the
XPS spectra of non-sputtered samples. Average thin film stoichiometry will be referred to
the RBS data.

2.3.-Optical and optofluidic analysis of nanostructured thin films and multilayers

UV-Vis-NIR transmission spectra in the range 200-2500 nm were recorded in a
PerkinElmer spectrometer (UV/Vis/NIR Spectrometer Lambda 750S) for samples

deposited on fused quartz substrates. Fitting analysis of these spectra to determine the
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refraction index and thickness of the films was carried out according to the conventional
approximation relying on a Cauchy dispersion of refractive index.
For pure and atomically homogenous compounds, absorption edges are typically

determined using the so-called Tauc Plot [46] by representing (Ahv)™(A, absorbance, and
n= 1/2 taken the SiOx as an indirect bandgap semiconductor) against hv and then

extrapolating to zero. Although we employed this method of evaluating absorption edges
for the different SiOx samples, the obtained values will only be dealt with in a
semiquantitative manner because the porous SiOy films were heterogeneous in depth due to
the extra oxidation of their outer layers.

Optofluidic analysis of SiOx-SiO, multilayers was carried out in reflection geometry using
an experimental device previously described in ref. [47], consisting of two optical fibers
separated by 15° that were focused on the same spot of the layers. These optical fibers were
used for excitation and recording the optical response of the photonic structures when they
were infiltrated with liquids of different refraction indices mjiq. Reflection was preferred to
transmission because the investigated liquids present very intense bands in the NIR region
that might overlap with the transmission gap features of the investigated photonic
structures. This undesired effect is not observed in reflection because only the liquid
infiltrated in the pores contributes to the spectrum and the absorption of this tiny volume is
negligible (taken into account a porosity of 40%, a rough estimation renders a liquid
volume of 4:10” cm’® for a photonic structure of Imicron thickness covering an area of

lem?).

3. Results and Discussion
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The development of NIR silicon photonics with 1D-nanocolumnar-SiOy-SiO, multilayers
as intended in this work entails the fabrication of nanostructured SiOy thin films with well-
defined optical properties and porosity. Therefore, in the first part of this work, we describe
the synthesis by MS-OAD and the characterization by various techniques of these SiOy thin
films. Based on the obtained results, we will show that the dependence found between
optical properties (i.e., n. and absorption edge) and chemistry and nanostructure of the films
provides a straightforward means for designing “a la carte” different types of 1D photonic
structures suitable for optofluidic actuation.

3.1.-Synthesis and characterization of SiOx thin films by MS-OAD

The possibilities of the MS-OAD method developed in the present work for a tailored
synthesis of nanostructured SiOy thin films will be illustrated with results corresponding to
four series of samples with nominal x values of 0.4, 0.8, 1.2 and 1.6 that were prepared at
incident angles of 0°, 70° and 85°. Main characterization results are reported next.
3.1.1.-Chemistry of nanostructured SiOx thin films prepared by MS-OAD

The O/Si ratios for the four series of thin films deposited on graphite were determined by
RBS (spectra are reported as supporting information Figure S1) and are gathered in Table
1. The reported values reveal that, for a given nominal stoichiometry, the actual O/Si ratio
generally increased for the films prepared at 85° with respect to 0° a feature that we

attribute to some extra surface oxidation after air exposure.

Table 1.- O/Si ratios, porosity, refraction indices at 1500 nm, absorption edges and tilting
angle of nanocolumns in the studied thin films. Porosity was calculated as explained in the

experimental section.
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Sio Sio Sio Sio SiO2 Ref.

0.4 0.8 1.2 1.6

Deposition angle (°)

O/Si ratio (RBS) +0.05 0.34 | 0.35 | 0.38 | 0.75 ] 0.85 | 0.70 | 0.90 | 1.25 | 1.25 | 1.45 | 1.60 | 1.70 | 2.00 | 2.00
0/Si ratio (XPS) 0.5 0.6 0.7 0.7 0.9 1.2 0.8 1.4 1.5 1.5 1.4 1.7 1.7
n (1500 nm) +0.05 346 | 2.74 | 2.76 | 231 | 2.08 | 2.03 | 2.23 | 1.81 | 1.82 | 1.75 | 1.52 | 1.48 | 1.48 | 1.35

Absorption edge (eV) 0.2 1.5 1.4 1.4 2.0 2.0 1.9 1.6 2.1 2.0 3.5 2.7 2.5

Porosity (%V) 152 | 371 | 43.0 | 151 | 39.1 | 389 | 194 | 353 | 42.6 | 17.3 | 39.1 | 40.0 = 33

Tilting angle columns (°) 0 43 47 0 35 42 0 33 34 0 31 28 0 29

Differences in film stoichiometry entailed different partitions in the chemical states of
silicon as determined by XPS analysis. Si2p fitted spectra of samples Si04-0°/85° and
Si0, 6-0°/85° are presented in Figure 2 (equivalent Si2p spectra of samples Si0gg-0°/85°
and Si0;,-0°/85° samples are presented as supporting information Figure S2). A first
assessment of these spectra reveals that the partition of oxidation states is quite different for
series Si0g4 and Si0O; ¢, where, respectively, Si*" or Si° species (at 103.8 and 99.6 eV BE
[7, 13, 26, 44, 45]) are majority species. Differences in relative intensities can be also
observed in the other fitting bands attributed to Si’>", Si*" and Si* species. From the area of
the fitting bands in the photoelectron spectra, we determined the relative concentration of
each chemical state of silicon in the different samples (see supporting information Table
S$2). A common feature in all the samples is the low concentration of Si** species which is
practically negligible in samples Sip4 and in sample SiO;-85°. Minimization of Si**
species in SiOy samples prepared by physical vapour deposition has been previously
attributed to an energetically favored dismutation into Si” and Si*" species. [13] The

12




situation is different in SiOy prepared by thermal oxidation of silicon or presenting a
spinodal decomposition where a different distribution of oxidation states can be found for a
similar stoichiometry.[26, 44] The comparison of the O/Si ratios in Table 1 calculated by
RBS or estimated from the areas of the Si2p and Ols XPS spectra show higher values in
this latter case, in agreement with the superficial character of the XPS technique and the

already mentioned surface oxidation of samples after air exposure.

Sio, , - 0°

- 85°

106 104 102 100 98 96 106 104 102 100 98 96
Binding Energy (eV) Binding Energy (eV)

Figure 2.- Fitted spectra of selected samples of series SiOg 4 and SiO; ¢

3.1.2.- Nanostructure and porosity of the SiOx thin films prepared by MS-OAD
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The high porosity of SiO4 samples prepared at oblique deposition angles was confirmed by
SEM analysis of the microstructure of the films. As examples, the cross section
micrographs of samples series SiOg 4 reported in Figure 3 reveal a clear progression from a
homogeneous and compact microstructure at normal deposition to a tilted nanocolumnar
microstructure (tilting angles 45° and 48°) at oblique (i.e. 70° and 85°) deposition
geometries. This behaviour agrees with the microstructure expected for thin films deposited
at oblique angles where shadowing effects control the deposition process.[29, 48] A similar
evolution was found for the other three series of investigated samples (see Table S2 and the
SEM micrographs in supplementary information, Figure S3). An interesting effect
observed for the series of investigated films is that the tilting angle of the nanocolumns (B)
increased with the deposition angle (o) and for the films with the lowest O/Si ratio. This
latter tendency agrees with that expected from the reported evolution of tilting angles of

Si0; and elemental Si.[48]
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500 nm

Figure 3.- Left) Cross section and normal (insets) SEM micrographs recorded for samples
SiOp4 and SiO;¢. Right) From top to bottom SEM micrographs taken in the FIB-SEM
system for a Si0,-85° film in normal view (a) and after cross sectioning along a direction
perpendicular (b) and parallel (c) to the tilting direction of nanocolumns. The blurred zones

in ¢) correspond to deposited platinum used to remove charging effects.

Pore structure of the films was directly assessed by FIB-SEM observation of cross sections
along in-plane directions parallel and perpendicular to the incoming direction of sputtered
atoms. The images in Figure 3 right) clearly confirm that the nanoculumns of these thin

films leave free a considerable void space that goes from the surface to the bottom of the
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films. Since all void space structure in these films is accessible to the exterior it will be
filled in by liquid infiltration and eventually lead to the optofluidic modulation of their
optical response.

The porosity of the films, estimated as reported in the experimental section, also varied
with the deposition angles (c.f., Table 1) showing a progressive increase for the deposition
at higher angles, a feature that agrees with the principles of the oblique angle deposition of
thin films. 40% porosities are a good indication of the possibilities offered by SiOy thin

films prepared by MS-OAD for optofluidic photonic-device applications.

3.1.3.- Optical properties of SiOx thin films prepared by r-MS-OAD

Figure 4 shows the UV-Vis-NIR transmission spectra recorded for the four series of
studied samples. According to these spectra, the SiOy thin films were opaque in the UV and
visible regions and present absorption edges that roughly increases with the O/Si ratio, in
agreement with the evolution expected for a transition between elemental Si to SiO,.[5] The
values of band edges calculated according to the Tauc method [46] which are reported in
Table 1 confirms this tendency, except for small deviations for a given stoichiometry,
suggesting that the samples are atomically heterogeneous and that the experimental band

edge is defined by the domains with higher silicon content.
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Figure 4.- Left) (a-d) UV-Vis-NIR transmission spectra of the four series of studied
samples as a function of deposition angle as indicated. Right) (a) Absorption edges
determined by the Tauc method (see experimental section) for the four series of SiOy thin
films. Calculated values are determined by the contribution of domains enriched in Si°. (b)

Refraction indexes as a function of deposition angle for the four series of SiOy thin films.

From the viewpoint of the fabrication of photonic structures and their potential optofluidic
applications, it is of the outmost importance to control the refraction index of the different

films. From a Cauchy analysis of the curves in Figure 4 left), the refraction indices at A=
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1500 nm gathered in Figure 4 right-b) and Table 1were determined. The reported values
show a net decrease from sample SiOg4 to SiO; ¢ that must be associated with the increase
in oxygen content (a similar evolution was found for compact SiOy thin films prepared by
different methods [33, 34]) and, within each stoichiometric series, for the films prepared
at oblique angles. According to the medium approximation theory [49] the refraction
indices of porous SiOy thin films must depend on the void space according to n.= f(n, ny),
where n. is the effective refraction index of the films, ng that of the bulk SiOy and ny that of
the air (ny=1) or condensates or liquids when they completely fill the pore space (i.e., in

this case ny= n).

3.2.- Development of NIR 1D-photonic structures for optofluidic and sensing
applications.
Herein we want to illustrate how the possibility of tuning the optical properties of porous

SiOy thin films prepared by MS-OAD provides a straightforward means for the tailored
synthesis of NIR 1D-photonic structures and their use for various optofluidic applications.
These possibilities will be illustrated with some specific proof of concpet devices.

3.2.1.- NIR 1D-photonic structures made of SiOx thin films prepared by r-MS-OAD
Tuning the optical properties of porous SiOy thin films provides a straightforward means
for the tailored synthesis of NIR 1D-photonic structures. Stacking layers of two materials
with a high contrast in refraction indices is a common way of fabricating 1D photonic
structures [41, 50, 51]. A typical example consists of stacking TiO, and Si0O; thin films
which, in compact form, present refraction indices (at 550 nm) around 2.4 and 1.4 RIU,
respectively. The NIR transparency of the SiOy samples and the large difference in

refraction index between SiO, and SiOy (x<2) thin films (c.f.,, Figure 4) support the
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feasibility of fabricating 1D photonic structures by stacking layers of silicon oxides
prepared by the r-MS-OAD technique. Other authors have explored this possibility with
compact SiOy and SiO, stacked films [35-38], occasionally prepared by MS. Related self-
standing silicon optical devices have been also prepared by electrochemical etching of
silicon wafers to generate the so-called porous silicon.[52-54] However, these methods do
not provide the flexibility and strict control of photonic properties of the herein developed
physical vapour deposition procedure by which porosity and composition can be adjusted
independently.

Porosity has been previously used to further control the photonic properties of one (e.g.,
ITO (indium tin oxide) [55] or two-materials multilayers. [40,41,50,51] Unlike other
procedures of SiOy thin film manufacturing,[5-9] the r-MS-OAD method offers the
possibility of controlling both composition and porosity of the SiOy thin films to tailor the
optical properties of supported 1D-photonic structures. As example, four BRs have been
prepared and tested in this work. They are formed by stacking eleven compact (BR-C) or
porous SiO./SiO, (BR-P) alternant layers as defined in Table 1. Their reflectance spectra

are presented in Figure 5.
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1000 1500 2000 2500
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Figure 5.- Top) Series of normalized reflectance spectra recorded for compact and porous
Si04/S10, multilayers acting as BRs (see Table 1). Bottom) Cross section SEM micrograph
of these multilayers, including a scheme of the stacking sequence of SiO, and SiOy thin

films.

The compact and porous/nanostructured character of the multilayers is clearly evidenced by
the cross section SEM micrographs presented in Figure 5 bottom). Meanwhile, their spectra
are characterized by a wide reflection band typical of this type of photonic structures. A
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simple estimate of the optical behaviour of BRs is possible using the well-known

formula:[56]

A2 4 ., ny-n
— =-asin—+—= (1)
Ao 4 ng+ng

Where AM is the reflection band width, A its central position and ny and ni_ the refraction
indices of the high and low refraction index stacked materials, in our case SiOx and SiO,,
respectively. The BRs reported in Figure 5 are made of SiOg4/SiO; and SiOgg/SiO, thin
films of approximately 165/170 and 180/175 nm thickness, respectively.

According to Table 2, for the same SiOx stoichiometry, band width must be much smaller
for the porous BRs, in agreement with the smaller value of the ng-ny, difference in this
case. In addition, the calculated AMNA, values follow the tendencies determined
experimentally, proving that optical properties of this type of structures can be tailored by
adjusting not only the composition but also the porosity of the films. Additional examples
of BRs prepared by r-MS-OAD varying the thickness of the individual layers or the
stoichiometry of the porous SiOy thin films are reported as supplementary information,

Figure S4.

Table 2.- Description of the SiO,/SiO, BRs whose reflection spectra are reported in Figure
5 and experimental and calculated AMAo values determined, respectively, from these
spectra and from the refraction index values of the individual layers using formula (1).

BR Stacked films nSiO,/ NSiO; | Al
and thinckness (nm) (exp)/calc.)

BR-Cos |SiO /SIiO -0° (160) | 3.43/1.45 0.43/0.52
0.4 2

BR-Pos | SIO /SiO -85° (165) 2.59/1.38 0.36/0.39
04 2

BR-Cog | SiO /SiO - 0° (180) 2.49/1.45 0.41/0.35
0.8 2

BR-Pog | SiO /SiO -85° (175) 2.10/1.38 0.31/0.27
0.8 2
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3.2.2.-Optofluidic properties of SiO4-SiO, NIR Bragg mirrors

The high porosity of the SiO4-SiO, BRs permits to fine tuning their optical properties by
optofluidic modulation. In the visible wavelength region, we have previously studied the
optofluidic modulation of optical properties of TiO,-SiO, porous multilayers in the shape
of 1D-photonic crystal (or likewise BR) prepared by electron beam evaporation at oblique
angle.[42, 50] At a preliminary level, similar effects upon condensation of vapours have
been studied in self-standing porous silicon distributed Bragg reflectors prepared by
electrochemical etching.[1-4, 52-54],

An analysis of the possibilities of the liquid infiltration technique to modify the NIR optical
properties of the BMs prepared by r- MS-OAD is reported in Figure 6. This figure shows
the reflectance spectrum of a BM formed by eleven SiOg4-85° and SiO,-85° thin films
(approximate thickness 180nm, see Figure 6 (bottom)) in its original form (i.e with its pores
filled with air) and infiltrated with liquids of different refraction indices varying from 1.3
(water) to 1.74 (diiodomethane). The spectra reveal that filling the pores of the SiOy and
SiO, nanocolumnar thin films produces a widening of the Bragg gap and a redshift towards
longer wavelengths. These effects must be attributed to the increase in the n. values of the
single layers of the stack because of the substitution of the air filling the pores by the
different liquids (i.e., according to n.=f(ns, n;). The observed optical changes were
reversible and their magnitude could be fine controlled by adjusting the refraction index of
the infiltration liquid (e.g., using mixtures of liquids or solutions of controlled
concentrations). In the experiments reported in Figure 6 a maximum widening by
approximately 60 nm and a redshift displacement by 30 nm was found when comparing the
original spectrum and the one recorded after diiodomethane infiltration. Thanks to the

scalability of the r-MS-OAD technique and its compatibility with any kind of substrate, it is
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believed that liquid modulation of optical properties of BRs prepared by this method can be
of much interest for energy and other related applications requiring a fine tuning of the

reflectivity of selective mirrors [57]
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Figure 6.- a) Normalized reflection spectra of a BR made by the stacking of eleven
S10¢.4/S10,-85° thin films with an approximate thickness of 180nm, as prepared and after

infiltration with liquids of increasingly higher refraction indices. b) SEM cross section
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micrograph. c) representation of A\, Ay and AA/Ag as a function of the refraction index of the

liquid infiltrating the BR.

3.2.3.-NIR label free sensing devices based on SiO,-SiO, Bragg microcavities

Porous BMs have been previously used for label-free refractive index sensor applications,
generally in self-supported form. [4, 42, 52, 53] The new concept proposed here entails the
modulation of optical properties in the NIR spectral region of BMs in the form of a
supported film made by the stacking of SiOx and SiO, porous layers prepared by r-MS-
OAD. The cross section SEM micrograph reported in Figure 7 ¢) shows that this BM
integrates two BRs made of five stacked SiO(3/SiO, nanocolumnar layers separated by a
thicker SiO, layer acting as optical defect. All the films were prepared by r-MS-OAD at
85° and had an internal porosity of the order of 40%. The presence of a thicker layer acting
as optical defect gives rise to a resonant peak in the reflection band that can be used for
better following the optofluidic response of the system upon liquid infiltration. For a first
set of experiments intended to prove that the BM optical properties change with the
refraction index of the liquid infiltrated in its pores, Figure 7a) shows the reflection spectra
recorded for this porous SiO(s-85°/S10,-85° BM infiltrated with liquids of different
refraction indices varying from 1.3 to 1.7, approximately. The inset in Figure 7a) shows an
enlarge plot of the resonant peak spectral zone to clearly visualize the magnitude of the
peak shift depending on the refraction index of the infiltrated liquid. Meanwhile, the plot in
Figure 7 b) reveals that the magnitude of the shift in the resonant peak position directly
correlates with the refraction index of the liquid infiltrating the BM. Assuming that this
correlation follows a lineal relationship, it is possible to estimate that the sensitivity for

detecting changes in the refraction index of liquids following the redshift of the resonant
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peak of this device is approximately 90.4 nm RIU™. The feasibility of using this photonic
device as label free refractive index sensor to analyse mixtures of liquids or solutions in a
continuous mode (i.e. implementable in microfluidic devices) is further demonstrated in
Figure 7 d)-e) showing the evolution of the difference spectra in the zone of the resonant
peak when continuously monitoring a mixture formed by the addition of hexane to toluene.
Similar results were obtained using other liquid mixtures of aqueous solutions of increasing
concentration. These difference spectra reflect the effect of a little but progressive red shift
in the position of the resonant peak and provide a much more sensitive procedure to
determine the refraction index of liquid mixtures or solutions. The series of dots in Figure 7
e) corresponds to the values of ARyx-ARpin for mixtures with increasing molar fractions
of toluene. Interestingly, these points can be adjusted with a straight line reproducing the
expected refraction indexes of the liquid mixtures taken as the average of the contribution
of the two components and assuming that there is no volume contraction in the mixture.
From the slope of this line, the sensitivity achieved using this measurement procedure can
be estimated as 219.9 R(%) RIU™', which compares well with that reported for TiO,-SiO,
optofluidic BMs operating in the visible,[47] or for electrochemically etched 3D porous
self-supported silicon membranes. [4, 54] A limit of detecting refraction index changes of
approximately 0.002 RIU can be deduced from these experiments. Clearly, this optofluidic
analysis of pure liquids or mixtures of liquids supports the use of the SiOx BMs in the form
of thin films and prepared by MS-OAD for the label-free quantitative analysis of small
volumes of binary mixtures of liquids or solutions. Progression regarding the detection of
specific molecules are expected by anchoring specific molecules to the internal surfaces of
the multilayer in a similar way than with porous silicon devices intended for biomolecule

detection. [1-3]
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Figure 7.- a) normalized NIR spectra recorded for a poroous BM prepared by r-MS-OAD
and infiltrated with liquids of different refraction indices (see text). The inset shows an
enlargement of the resonant peak zone to better appreciate the magnitude of the redshift. b)
plot of the resonant peak position as a function of the refraction index of the liquid
infiltrated in the BM. Data points correspond to water (n=1.31), hexane (n=1.35), octane
(n=1.40), cyclohexane (n=1.43), cyclooctane (n=1.46), toluene (n=1.50) and diiodomethane
(n=1.70). ¢) SEM cross section micrograph and scheme of the SiO,/SiOy stacking. d)
Difference spectra at the resonant peak spectral zone when the BM is infiltrated with
toluene/hexane mixtures for increasing molar ratio of the former. e) Plot of the maximum

minus minimum reflectance in the difference spectra in c¢) as a function of the toluene
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molar ratio. The calculated refraction index of these mixtures, considering that there are no

volume contraction effects, is superimposed in the plot.

On the other hand, the use of these thin film BMs is advantageous because of their
compatibility with NIR optical components currently utilized for the analysis of liquids or
their manipulation [58-61] and very common in a large series of optical devices such as
absorbing materials and night vision LCD monitors. [62] In comparison with typical porous
silicon devices used for label free sensing of liquids and biomolecules,[1-3] gas sensors
[52, 53] or laser tunable [63] applications, a remarkable difference of the herein developed
photonic structures is their thin film character and the fact that they can be prepared in one
step on any kind of substrate, including polymers. This feature and its capacity for direct
integration into micro- or even nano-microfluidic devices [64, 65] (a rough estimation of
liquid volume required to fill the pore volume of the BM renders a liquid volume of 4:107
cm’ for a photonic structure of 1micron thickness covering an area of 1cm?) or at the tip of
suitable optical fibres are additional advantages of this kind of optofluidic 1D-photonic
structures made of SiOy thin films prepared by MS. In this work, we have demonstrated
that this technique, developed more than a decade ago for the preparation of SiOy thin films
in compact form [18-26], can be efficiently modified when working in an oblique angle
configuration to control both stoichiometry and porosity of SiOx thin films. The
possibilities of this new approach have been demonstrated for the fabrication of complex
photonic structures which successfully compete with classical electrochemical methods [1-
4, 52-54] for the fabrication of label free sensor devices.

4. Conclusion
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In this work, we have demonstrated the possibility of controlling the composition in
nanostructured SiOy thin films prepared by MS in an oblique angle configuration. We have
proved that this method permits a strict and simultaneous control over the stoichiometry
and nanostructure of the films. Following the predictions of a parametric formula, different
sets of SiOx thin film samples, with compositions varying from SiOg4 to SiO;¢ and
different microstructures from compact to nanocolumnar, have been prepared as a function
of the oxygen flow and deposition angle during their MS deposition. The different
characteristics of the layers, including composition, microstructure and atomic structure,
have been thoroughly studied by XPS and SEM. In addition, the UV-Vis-NIR
characterization analysis of their optical properties has evidenced the possibilities of the
synthesis method to prepare nanostructured thin films with optical properties defined “a la
carte”.

Regarding the development of NIR 1D photonic structures, we have also shown that
control over porosity provides an additional means to separately adjust refraction index and
absorption edge, thus outperforming the functionality of compact SiOy thin films prepared
by conventional MS or other classical methods. In particular, we have shown that the SiO,
and SiOy thin films may display quite different n values and that this provides much
flexibility for the manufacturing of photonic multilayers made by the successive stacking of
SiOy and SiO; thin films. Another outstanding feature of this type of NIR photonic
structures is that they may be prepared using silicon as unique target material (i.e., just
varying the amount of oxygen in the stacked layers) and that they can be prepared in a
single step by MS. The reproducibility of the method in other reactors through the use of

the proposed parameterized equation and its relatively easiness for up-scaling are additional
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advantages of the proposed r-MS-OAD methodology for the fabrication of SiOy thin films
or more complex multilayer structures.

The flexibility and robustness of the developed r-MS-OAD method have resulted very
useful for the manufacturing of optofluidic photonic devices. We have firstly shown that
control over porosity and composition offers additional possibilities to control band widths
and central positions of BRs even if the thickness of the individual stacked layers does not
differ significantly. We have also shown that the porous character of the multilayers makes
them suitable for optofluidic applications. Firstly, we have shown that the optical response
in the NIR (position and gap width) of BMs changes systematically with the refraction
index of the liquids infiltrated in the void space of the multilayer structure. Similarly,
experiments with BMs have shown that this type of devices can be used for the
development of liquid sensors working in the NIR spectral region. Additional applications
can be forecast combining the tuning capacity of the optical properties of thin films and

multilayers and their modification by liquid infiltration.
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Highlights

- Reactive magnetron sputtering at oblique angle is straightforwardly used for the
deposition o SiOy thin films with controlled composition and porosity

- SiOy thin films with x ranging from 0.4 to 1.6 have been properly characterized and
their optical properties correlated with their stoichiometry and porosity

- Stacking of SiO, and SiOy porous layers permits the tailored fabrication of photonic
structures for the near infrared region of the spectrum

- Porous Bragg microcavities made of SiOy and SiO; single layers have been used as
near infrared label free optofluidic photonic sensors.
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