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Abstract: Femtosecond laser writing of optical waveguides and components in glasses has
been a remarkably growing research field during the last two decades. However, such laser-
inscribed optical components were mostly written within the volume of the glass due to the
unavoidable ablation that arises when the focal spot is approaching the glass surface. This has
generally limited the interaction of light with the surrounding medium thus preventing sensing
functionality. In this paper, we present the inscription of surface and near-surface silver based
waveguides in a silver containing glass with no need for additional processing as it is the case
for standard type I waveguides. In addition, an ultra-sensitive refractive index sensor in a 1 cm
glass chip is obtained based on near-surface waveguides interacting with liquid droplets acting as
top-layer on the glass surface. Remarkably, the device exhibits a novel double-wing feature that
sharpens the response and enhances its sensitivity. Our results highlight the advantages of silver
based waveguides paving the way towards further surface based sensors in fibers.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, the use of fiber optics for sensing applications has gathered a growing interest.
Optical sensing provides in-situ, fast, selective, remote, real time and non-destructive sensing.
It is generally based on the interaction of light with the outer medium. The fiber sensors are
generally based on the evanescent wave interaction with the outer medium. Many evanescent
wave based fiber sensors were proposed during the past years for gas detection [1], chemical
detection [2,3] and refractive index sensing [4–6]. However, to manufacture such sensors, the
fiber has to be tapered or a part of its cladding must be removed so as to allow the evanescent
wave to overlap with the sensing medium. In 1987, a segment of a step index multimode fiber
was heated and expanded for methane detecting applications based on the evanescent wave
interaction [1]. Another sensor was designed where the plastic cladding of a silica core fiber was
removed to detect nitrite compounds in water [3]. Also, refractive index (RI) optical sensors were
manufactured in fibers comprising Bragg gratings. The shift in the reflected Bragg wavelength
was monitored as a function of the refractive index changes [7–9]. On the other hand, Polynkin
et al. demonstrated a RI sensor where an SMF 28 fiber was tapered so as to allow its evanescent
field to carry an important fraction of the guided power [10]. The optical transmission was
monitored as a function of the different refractive index liquids. A similar work was reported
but in a plastic fiber where a segment of the plastic cladding was removed to create the sensing
medium [5]. In this report, a theoretical model was proposed based on Fresnel’s equation that
describes reflection and transmission of the guided light inside the fiber [5]. In fact, almost all
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reported RI sensors to date required etching or removing of a part of the fiber cladding in order
to functionalize the fiber and create the sensing medium.
Finally, one should distinguish between most chemical sensors which are based on the

absorption of the evanescent wave and refractive index sensors which rely on the phase change
resulting from the variation of the surrounding medium refractive index affecting the spatial
mode confinement.
Femtosecond laser writing (fs LW) technique is a well-established technique allowing to

directly inscribe three-dimensional (3D) structures inside transparent materials. More specifically,
waveguides [11–17] and optical components [18] were embedded inside glasses using fs laser
writing, yet only a few studies were reported on laser writing waveguides neighboring the glass
surface [19–22]. This is due mainly to the glass ablation that occurs when focusing near the
surface. The interest of writing near-surface/shallow optical waveguides is to allow the interaction
of light with the outer medium in order to create sensors in glass chips and optical fibers. Still,
few works were reported for the interaction of shallow waveguides with the surrounding medium
[21–25], knowing that writing near-surface waveguides is not easily achievable due to the decrease
of the pulse energy threshold for glass modification when approaching the glass surface [26]. For
instance, Lapointe et al. managed to make a RI sensor by reproducing the same idea reported
by Bilro et al. [5], i.e. writing a near surface waveguide interacting with the outside medium
in a reinforced Gorilla bulk glass while monitoring the transmission power as a function of the
different RI liquids deposited on the near-surface portion of the waveguide [19]. Yet, the reported
near-surface waveguides were still up to 5 µm away from the surface. Bérubé et al. overcame this
limitation by an additional process based on placing a cover glass slide in optical contact with the
top surface of the glass [20]. This allows the suppression of the air-glass interface allowing the
creation of the nearest waveguides to the glass surface compared to previously reported works
[21–25].
In the case of the silver containing glasses used in this work, fs LW process induces the

formation of silver clusters on the periphery of the interaction voxel that are accountable for a
refractive index change (∆n), called type Argentum (type A) as reported in our previous papers
[27–29]. One can say that “Type A” is a smooth modification in the low pulse energy regime
where the migration and creation of silver clusters occurs. This process allows for the creation of
silver based optical waveguides called type A waveguides [28]. In this paper, we take advantage
of type A modification allowing for the direct inscription of surface and near-surface waveguides
with no need for additional processing or compensation method. To illustrate the potential of this
process, an ultra-sensitive RI sensor was demonstrated based on type A near-surface waveguides
that exhibits a double-wing feature in the response of the waveguide transmission as a function
of the RIs enabling an extended sensing range. Finally, a theoretical model was developed to
precisely account for light propagation within the near-surface waveguides by properly handling
the spatial mode modification related to the varying refractive index of the surrounding medium.
This model is showing a remarkably good agreement with the experimental results, especially in
terms of describing the observed double-wing feature of our sensor.

2. Experimental method

2.1. Glass samples

The glass sample used was a silver containing zinc phosphate glasses manufactured by Argolight
(AG01 ArgoGlass). The sample dimensions are 10 mm x 10 mm x 900 µm. The facets were cut
and polished to optical quality prior to the writing process in order to optimize light injection as
well as visualization of the waveguides and the guided mode profiles.
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2.2. Femtosecond laser writing

The glass samples were irradiated using a femtosecond Yb-doped laser oscillator (Clark –
Impulse), 360 fs pulse duration (FWHM) at 12.6 MHz and emitting at 1030 nm wavelength. The
sample displacement and positioning was carried out using a high precision 3D translation stages
(Aerotech, ANT 130 and planar DL – 200XY).

The near-surface waveguides were written using linear polarization, laser irradiance of 7.2
TW/cm2 and a writing speed of 50 µm/s corresponding respectively to a pulse energy of 28 nJ
and 4× 105 pulses. A 100X – 0,8 NA Nikon microscope objective was used to focus the laser
pulses inside the glass sample.

2.3. Mode profile characterization setup

Near field mode profiles were observed after injecting light from a 630 nm diode laser using a
single mode fiber (HP–460 with core diameter 2.5 µm - NA= 0.13) into the waveguides. Then,
a 100X – 0.55 NA Mitutoyo objective was focused on the output facet to visualize the guided
mode profile and conjugate it onto a CCD camera. A beam splitter was installed before the CCD
camera to split the light between the CCD camera and a power meter to monitor the transmission
drop following the oil deposition on the glass surface.

2.4. Top-layer refractive index characterization

Cargille matching index fluids were used (hereafter designed as oil) with refractive index ranging
from 1.4 to 1.632. A micropipette was used to deposit 3 µL droplets on the glass surface in a
controlled way. The dimensions of the droplets were monitored and controlled using a top view
camera and a 1.25X microscope objective. Following every oil droplet deposition, the glass
surface was cleaned using Ethanol until the initial transmission was recovered before the next oil
deposition.

2.5. Refractive index change measurement

The refractive index change (∆n) between the pristine glass and the waveguides was measured
using a phase-contrast microscopy method with commercially available wave-front sensor
SID4Bio from PHASICS Inc [28]. A 100X – 1.3 NA oil immersion objective was used to image
the structures using white light illumination.

3. Results and discussion

3.1. Near-surface waveguides

Femtosecond Laser Writing (fs LW) of near-surface waveguides was performed inside silver-
containing zinc phosphate glass. Following fs LW in such silver containing glasses, fluorescent
silver clusters are generated at the vicinity of the interaction voxel based on the non-linear multi
photon absorption process [30,31]. The reader is referred to Refs. [30–34] for the details on the
process of creation of silver clusters in silver containing glasses. In summary, the writing process
could be explained as a laser quill inducing the creation of silver clusters on the periphery of
the interaction voxel while the high laser intensity photo-dissociate the silver clusters created in
the middle due to the Gaussian beam profile [31,34]. Those silver clusters are responsible for a
refractive index change allowing the fabrication of optical waveguides and components [28].

Following a stair pattern, series of 1 cm waveguides were written at different depths from the
glass surface as shown in Fig. 1(a). The S-shaped waveguides were in fact comprising segments
of approximately 5 mm neighboring the surface and thus acting as the sensing region (Fig. 1(b)).
The conditions of laser writing were optimized in order to avoid ablation when the focal point
approached the glass surface.
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Fig. 1. Schematic presentation of (a) the stair pattern fs LW process (b) side view of the
sample following fs LW of a rising near-surface waveguide. (c) Exit facet bright field images
for (i) well embedded waveguide inscribed 32 µm below the surface (ii) NWG1, waveguide
written on the glass surface (iii) NWG2, waveguide 1 µm below the glass surface (iv) NWG3,
waveguide 3.75 µm below the glass surface (v) Top view of NWG2 near-surface waveguide
portion. No ablations nor cracks were observed indicating a smooth writing process.

Figure 1(c) shows the exit glass facet under white light illumination of a straight waveguide
written ∼32 µm below the glass surface (acting as a reference) as well as three near-surface
waveguides, NWG1, NWG2 & NWG3. One can see that the writing process results in smooth
modification whereas no ablations or mini explosions were observed from both, side and top
view of the near-surface waveguides (Fig. 1(c)). Moreover, the waveguides’ morphology of
double parallel planes (typical of type A morphology [28,32]) as well as the dimensions (5.25 µm
x3 µm) are well maintained even when the waveguides are neighboring the glass surface. One
notes however that the waveguide NWG1 (Fig. 1(c.ii)) is showing a smaller transverse length
as compared to the three others (4.5 µm as compared to 5.25 µm). This is due to the fact the
writing process occurred on the glass surface and a part of the waveguide is cropped by the glass
- air interface. Even though the writing occurred directly on the glass surface, still no crack nor
ablation were observed for this waveguide.

To test the waveguiding and sensing properties of such waveguides, a 630 nm laser was coupled
inside the waveguides (see Experimental methods section). A single mode aspect was observed
for all the written waveguides. For the NWG1 waveguide, the mode profile was observed to
be different from a typical type A single mode profile well buried inside the glass surface [28].
Moreover, for the waveguides embedded inside the glass, their spatial mode profiles were not
the same as a function of their distance from the surface. Waveguides that are less than ∼2.5
µm from the surface (e.g. NWG2), exhibited some distortion of their near-field mode profile as
shown in Fig. 2(a). The guided modes in that case are very likely still affected by the glass-air
interface. However, compared to guided modes for waveguides that are deeper inside the glass
(> 3 µm), the mode profiles were not affected as shown in Fig. 2(b) for NWG3. In that case, the
spatial mode profiles are identical to the one observed at 160 µm below the surface reported in
our earlier work [28].
The refractive index change (∆n) between the pristine glass and the written waveguides was

measured using the wave front sensor (see Experimental methods section) for all the written
waveguides. A moderate ∆n of 2× 10−3 was measured for the portion of waveguides neighboring
the glass surface which is comparable to the measured ∆n for a single mode waveguide well
buried inside the glass (∆n= 2.5× 10−3 for a waveguide written 160 µm below the glass surface)
as previously reported [28]. As expected, two positive ∆n peaks were observed which is typical
of type A modification [27,28] as shown in Fig. 3. Note that the pulse energy threshold for
glass modification decreases when approaching the glass surface [26], which complicates the
inscription of near-surface waveguides, especially with a relatively high ∆n, i.e. larger than
1× 10−3. In comparison, near-surface waveguides with a relatively low ∆n of 5× 10−4 were
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Fig. 2. Experimental near-field mode profiles for (a) NWG2 and (b) NWG3 waveguides
following the injection of a 630 nm laser. The scale bar is equal to 2 µm. The spatial mode
profile of the waveguide NWG2, 1 µm away from the surface, is affected by the glass-air
interface whereas NWG3’s mode (3.75 µm away from the surface) is not.

reported by Lapointe et a lin a reinforced gorilla glass [17] while a moderate ∆n of 2.9× 10−3

was reported by Bérubé et al in borosilicate glass using a compensation method [20].

Fig. 3. (a) Top view phase image of the rising portion of a near-surface waveguide (b)
Refractive index change (∆n) profile extracted from the phase image in Fig. 3(a). A moderate
∆n value of 2× 10−3 was measured for the portion of the waveguide neighboring the glass
surface.

The sensitivity of all the written waveguides following a stair pattern (Fig. 1(a)) were tested by
injecting a 630 nm laser and dropping a 4 mm droplet of Cargille oil exhibiting a refractive index
(RI) of 1.604 (matching the RI of the waveguide) on the near-surface portion of the waveguide.
The oil was dropped using a micropipette in order to control and maintain the same droplet size
for all the measurements (see Experimental methods section). The optical transmission drop was
monitored following the deposition of the oil droplet on the glass surface for different waveguides
as a function of their distance from the surface, as shown in (Fig. 4). The transmission for
each waveguide is normalized with respect to the transmission of the waveguide when no oil
was deposited on the sample TM/T1(noil = 1). The distance from the surface is defined by the
distance from the glass surface to the top of the waveguide as shown in (Fig. 1(c)).

Even though the NWG1 waveguide was written on the surface, it does not exhibit the highest
sensitivity. This is due to the fact that the guided mode is heavily cropped at the glass-air interface.
Therefore, the waveguide’s measured transmission is affected by experimental uncertainty due
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Fig. 4. Normalized transmission power of the written near-surface waveguides as a function
of their distance from the surface following the deposition of 4mm oil droplet with a
refractive index matching that of the glass (noil=1.604).

to the lossy nature of the waveguide. The highest sensitivity was shown for waveguides 1 to 2
µm below the surface with a transmission drop of ∼65% (4.5dB) for a 4 mm interaction length
with the oil droplet. As expected, the sensitivity of the waveguides decreases as they go deeper
inside the glass. Yet, even the deepest waveguide (at 7 µm from the glass surface) interacting
with the oil droplet exhibits a significant transmission drop of ∼33% (1.73 dB) highlighting the
high sensitivity of such waveguides.
Compared to the of work by Lapointe et al. where the transmission drop is ∼ 15% (0.7dB)

for a 1 cm long interacting region [19], our waveguides seems to be much more sensitive. We
believe that is impossible to write type I waveguides neighboring the surface (∼1 µm below the
surface without additional processing i.e. reinforced glass or compensation method) as it is can
be achieved using type A waveguides. This is due to the fact that the type A occurs before type
I in the energy pulse scale, by triggering the silver photochemistry without affecting the glass
matrix structure [27]. The fs LW process targets the chemicals inside the glass i.e. silver ions
and induces the creation of silver clusters. The high sensitivity of the here reported waveguides
compared to type I waveguides reported in [19], is probably correlated to their remarkable
proximity to the glass surface (∼1µm). One should mention, that the propagation losses of the
presented waveguides is estimated to exhibit upper bounds of 1.2 dB/cm using the estimation
method reported in [28].

3.2. Refractive index sensor

A refractive index (RI) sensor was developed based on the near-surface waveguides reported
herein. Two waveguides NWG2 and NWG3 were considered, featuring distances from the surface
of 1 and 3.75 µm respectively. Different index matching oils were deposited and covered over 4
mm on top of the near-surface portions of the waveguides. Then, the transmission was monitored
for each waveguide as a function of the oil RI. The results are depicted in Fig. 5. Surprisingly,
NWG2 exhibited an unexpected double-wing feature characterized first by a transmission increase
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up to ∼50% for an oil RI of 1.602 but followed by a steep decrease for an oil RI of 1.604
(noil ∼ neff ) (see Visualization 1). The transmission decrease was expected from previous reports
for similar sensors [4,5,19]. As for the transmission increase observed for noil< neff , it was
observed by Digonnet et al [35] in the context of side-polished fiber couplers, and by Polynkin et
al in the context of RI sensing application [4].

Fig. 5. (a) Normalized transmission of experimental values following the deposition of
4mm oil droplets exhibiting different refractive indices for a near-surface waveguide (black)
1 µm away from the surface (NWG2), (blue) 3.75 µm away from the surface (NWG3). NWG2
exhibits a non-standard original response with a two wing-feature. Inset: Close-up of the
double-wing feature (see Visualization 1). (b) The sensing sensitivity corresponding to
the derivative of the normalized transmission as a function of the refractive index (dT/dn)
presented in logarithmic scale for: NWG2 (black) and NWG3 (blue) in the different sensing
regions. Inset: Close-up of the sensitivity (dT/dn) in the double-wing feature zone in linear
scale (1.57 to 1.632).

In the case of our sensor, NWG2 exhibited more losses (i.e. T1 reduced accordingly for
noil = 1) as compared to deeper waveguides although the waveguides were all written using the
same writing parameters. As soon as the RI of the oil matches that of the glass, the glass-air
interface disappears and so does the mode distortion/mismatch so that the waveguiding conditions
are restored as for the case of the waveguide deeply embedded. That explains the losses recovery
and the corresponding increase of the relative transmission. One should note that not all the

https://doi.org/10.6084/m9.figshare.8159660
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losses were recovered knowing that the oil droplet is only 4 mm compared to a 5 mm waveguide
portion neighboring the surface.
The double-wing feature was much less pronounced for the more deeply embedded NWG3

waveguide, as shown in (Fig. 5 – blue curve). The main feature in that case is the decrease of
the transmission observed for oil’s RI matching with the waveguide’s RI or more precisely the
effective mode RI (noil ∼ neff ∼ 1.604) as observed in the previous reported works [4,5,19]. The
sensing behavior could therefore be described here in terms of three different regions. The first
region (region I) where the oil’s RI is lower or equal to the glass’s, noil ≤ nglass = 1.602, second
region (region II) where the oil’s RI is equal to the propagating effective mode RI noil ∼ neff
and the third (region III) is where the oil’s RI is higher than the effective mode RI noil> neff . In
the first region (noil ≤ nglass) the light is guided inside the waveguide by total internal reflection
(TIR) with a slight augmentation of the transmission (2 - 4%). It could be correlated to a lower
Fresnel reflection coefficient between the propagating mode and the interface following the
deposition of oil droplets with higher RI compared to air (n= 1). The second region is where
noil ∼ neff ∼ 1.604, a large portion of light is ejected outside the waveguide core knowing that
the deposited oil matches the RI of the waveguide’s core. Finally, the third region noil> neff is
where the light is guided in the waveguide based on a leaky mode exhibiting some losses while
propagating in the waveguide.
In Fig. 5(b), we have calculated the normalized transmission derivative as a function of

the refractive index (dT/dn) which defines the sensitivity of our device (a direct estimation
from experimental data of Fig. 5(a)). One can see that such sensitivity is not constant and
varies with respect to the three RI regions. For NWG2 exhibiting the double-wing feature:
region I (noil ≤ nglass) the sensitivity increases progressively to reach its peak in this region
at noil ∼ nglass ∼ 1.604 where we observe an increase of the transmission of ∼50% (Fig. 5(a)
black curve). Then, in region II (between nglass and neff ) a very large sensitivity is observed
(value of about −550, not shown in Fig. 5(b)) due to mode leaking out of the waveguide (sudden
transmission drop). Finally, for region III, noil> neff the sensitivity decreases as the RI increases.
So, for NWG2, the device exhibits different responses for three possible sensing regions while
exhibiting the highest response in region II (noil ∼ neff ). For NWG3: the slight increase in the
response in region I is almost not detected and no sensing could occur in that zone. In that case,
only two sensing regions are possible, noil ∼ neff and noil> neff . Therefore, this kind of surface
waveguides provide a response comparable to that of the previously reported RI sensors [5,19].
The inset in Fig. 5(b), shows a close-up of the sensitivity in linear scale in the range of 1.57 to
1.632 highlighting the importance of the waveguide proximity to the glass surface to achieve
different sensing regions. One should mention that it is noticeable that the double-wing feature
(for NWG2) allows a non-null sensitivity for oil indices below the glass index, even for indices
down to the 1.33–1.37 range compatible with biological and environmental applications, which
cannot be achieved with the previously reported RI sensors [5,19].
Finally, we report in Table 1 a sensitivity comparison taking into consideration the interac-

tion/sensing zone, the transmission drop magnitude and range between our RI sensor and the
previously reported conceptually-similar sensors is presented in Table 1. One can see, that the
herein reported sensor is the most sensitive using fs laser writing with a transmission drop of
82% for an interaction zone of 5 mm x 3 µm compared to a 15% transmission drop for a 10 mm
x 11 µm interaction zone for Lapointe et al. [17,19] . Moreover, our sensor exhibits a comparable
sensitivity with fiber-based sensors as shown in Table 1. Furthermore, one should not forget
that it is based in a 1 cm glass chip which is probably the most compact device compared to the
previously reported RI sensors based on the same concept idea [4,5,19].
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Table 1. Dimensions of the interaction zone, magnitude and refractive index range of the
transmission drop for different refractive index sensors previously reported and our sensor.

Authors Technique Interaction zone Transmission drop RI range for transmission drop

Polynkin et al [4] Fiber optic based 10mm x 140 µm 100% 1.402 - 1.459

Bilro et al [5] Fiber optic based 19.35mm x 650 µm 80% 1.417–1.492

Lapointe et al [17,19] Fs laser writing 10mm x 11 µm 15% 1.5114 - 1.5117

Current work Fs laser writing 5mm x 3 µm 82% 1.602 - 1.604

3.3. Theoretical model

In contrast to previous theoretical models devised to study the behavior of such refractive index
sensors that are based on Fresnel equations and total internal reflection of light [5,19], we propose
a new modeling approach based on the full Maxwell equations solution for the propagation of
electromagnetic field. The model focuses on the spatial mode profile propagating inside the
embedded waveguide and the near-surface waveguide as a function of different oil’s RI (1→1.75).
Generally, the transmitted power in waveguides is carried out by guided modes (presently a

single mode is used) and a large number of radiation modes which decay due the power leakage
in the cladding. Possible excitation of radiation modes arises from the mode mismatch during
the light coupling process. However, in our analysis, the radiation modes in the embedded part of
the waveguide are already damped before reaching the near-surface waveguide. Therefore, the
typical type A single mode is injected as the initial condition to solve the Maxwell equations in
the near-surface waveguide.
The theoretical analysis is performed using an in-house aperiodic Fourier-Modal method

(a-FMM) [36]. The latter is a fully-vectorial method that solves Maxwell’s equations by
expanding the radiation and guided modes in Fourier series in the transverse directions of the
waveguide by using a scattering-matrix formalism in the propagation direction. The method
was initially elaborated to study high-index-contrast photonic-crystal waveguides [37] and has
been successfully used afterwards to analyse a variety of problems in plasmonics and photonics.
[38]. It is analytical in the propagation direction, which represents an advantage compared to
brute-force full-discretization methods for analyzing optical structures with mm-long waveguide
sections. The waveguide was simulated as two rectangular shapes spaced by 1.75 µm, exhibiting
5 µm length and 500 nm thickness with a step refractive index change of ∼2× 10−3 placed 1 µm
away from the glass surface (Fig. 6(b)) which reflects the experimental values and conditions.

The geometry considered in the theoretical analysis is depicted in the inset of Fig. 6(a). In a first
step, we consider all possible modes, the guided and radiations one, in the near-surface waveguide
portion interacting with the oil, called “oil section” hereafter, and compute the transmission
Tt = |t|2 of the fundamental mode of the “air section”. Then, we consider the transmission
TFP predicted with a Fabry-Perot (FP) model, for which only a single mode (either guided for
noil<neff or leaky for noil>neff ) of the oil section is assumed to carry the power transmission.
In the numerical implementation, the mode is selected by computing and selecting the largest
coupling coefficient TM at the air - oil waveguide interface between the incident guided mode
of the air section (inset of Fig. 6(a)) and all the possible modes of the oil section waveguide.
Note that the computation of TM is performed without any approximation other than numerical
discretisation [36]. In general, the selection is unambiguous since we observe that a single mode
has a TM values much larger than the others for every value of noil. The transmissions Tt and
TFP are shown in Fig. 6(a). It is found that the radiative modes weakly impact the transmission
and that they are negligible after ∼1 mm propagation distance. Knowing, that our oil droplet
diameter is about 4 mm, we infer that the FP model can be used with confidence to simulate the
experimental results.
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Additionally, we observe in Fig. 6(b) that the spatial mode profile is also affected by the outer
refractive index (noil) of the oil droplet deposited on the glass sample. For a glass-air interface
(noil = 1) as well as for noil = 1.75, the mode is pushed back towards the inner part of the glass,
as can be intuitively understood by considering the RI mismatch between the glass and upper
medium. However, for noil ∼ nglass = 1.602 i.e. for a well buried waveguide, the mode profile
becomes centro-symmetric and well guided by the silver cluster planes, similarly to the typical
type A mode reported in our previous work [28].

Fig. 6. (a) The normalized transmission Tt/TFP for different oil’s refractive indices as
a function of the propagation distance. Inset: Schematic presentation of the geometry
simulated in the theoretical model. The mode propagating in the oil section is different
from the mode in the air section due to refractive index mismatch. The double arrows in the
oil section indicates that the numerical mode could propagate in both ways. (b) simulated
near-field mode profiles for different outer refractive indexes n (i) n= 1 (air) (ii) n= 1.602
(glass refractive index) (iii) n= 1.75. The spatial mode profile is affected also by the outer
refractive index deposited on the glass surface. The scale bare is equal to 2 µm.

The normalized transmission TFP/T1 (T1 being the transmission for noil = 1) of the sensor
is plotted as a function of the different oil’s RI in Fig. 7(a) for two oil droplets length. The
simulated results quantitatively predict all the main features of the experimental data. Our
modeling approach is able to simulate the initial increase of the transmission for noil ≤ nglass, in
contrast to the previous reported models [5,19] . It also predicts the sudden transmission drop
for noil ∼ neff , and a second increase for noil> neff in a RI region for which all the modes of the
waveguide are leaky, thereby explaining why the transmission never reaches 1 in this region. One
should mention, that the previous models [5,19] do not predict the double-wing feature of the
transmission for noil ≈ nglass and thus cannot quantitatively match our experimental data.

However, we note that the numerical values of Fig. 7(a) in the region noil> neff do not exactly
match the experimental data, since a better agreement is obtained for a simulated oil droplet
length L = 1 mm. The deviation could be attributed to some uncertainties concerning the ∆n
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Fig. 7. (a) Simulated (blue and orange respectively for 1 and 4mm oil droplet) and
experimental (black dots) normalized transmission of the refractive index sensor for different
oil’s refractive indexes. The new theoretical methods simulate well the behavior of our
refractive index sensor with the increase and decrease of the transmission. (b) The transverse
mode-mismatch TM between the buried mode and the near-surface mode as a function of
different oil RI (c) The leakage/damping of the guided mode as a function of the different RI
(d) The reconstruction of the mode mismatch and leakage from Figs. 7(b) – 7(c) explaining
that physical behavior of our sensor is based on the mode mismatch and mode leakage
following the deposition of different oil RI.

profile distribution of the waveguide for instance or more to some effect that are not considered
in our simplified model. For instance, in our model the oil thickness is assumed to be infinite,
whereas it is of the order of 1 mm in the experiment, implying that the numerical model neglects
a possible re-coupling of a portion of the leakage inside the waveguide, thereby overestimating
the leakage which may explains the higher experimental transmission. Even though, one can
say that the theoretical method predicts well and explains the intricate response of the RI sensor,
which represents an improvement with respect to previous works [5,19].

In order to have a deeper understanding of the physical mechanisms responsible for the
surprising response of the waveguide sensor for noil<neff , we rely on the FP model. First, we
observe that the transverse-mode profile mismatch (revealed by the coupling coefficient TM in
Fig. 7(b) between the buried waveguide mode and the near-surface waveguide mode results in a
reduced transmission of ∼66% corresponding to transmission decrease of ∼34% in the region I’
(1<noil< nglass) and in the leaky region (noil> neff ). When the RI of the oil equals that of the glass
(noil = nglass), the mode mismatch vanishes, the initial losses are compensated and the modal
transmission increases up to 1 (Fig. 7(b)); this explains the experimental transmission increase in
Figs. 5–7(a). Then, we investigate the impact of the leakage in the leaky region by considering
the imaginary part n′′eff of the effective index of the leaky mode. Figure 7(c) shows the damping,
exp(−4πn′′effL/λ), for an oil droplet of L = 4mm. A strong leakage appears just above the cutoff
noil = nglass, and then progressively decreases. Finally, in Fig. 7(d), we plot the product of the
transmission mismatch and the leakage damping. We infer that 1) the sensor response in region I’
can be attributed to a mode mismatch issue only, 2) the double-wing response for noil ≈ nglass
results from a double effect, a rapid variation of the mismatch followed by a sharp enhancement



Research Article Vol. 27, No. 22 / 28 October 2019 / Optics Express 31141

of the leakage, and 3) the transmission in region III (noil> neff ) is mainly impacted by a decrease
of the leakage of the dominant mode.

4. Conclusion

Taking advantage of the low pulse energy inscription regime of type Argentum compared to
type I, laser writing on the glass surface is demonstrated with no need for additional processing.
For sensing applications, near-surface waveguides were written in silver containing glass. No
etching, nor reinforced glass nor compensation methods are required to inscribe those waveguides
compatible with sensing applications. Based on this approach, a refractive index (RI) sensor was
created in a 1 cm glass chip that shows a double-wing feature that sharpens the response shape
and enhance the sensitivity. An increase of ∼50% in the transmission followed by a decrease of
∼66% were observed for a 4mm-long oil droplet (noil = 1.602 and 1.604 respectively). These
surface waveguides remarkably show a non-null sensitivity for oil indices below the glass index,
even for indices down to the 1.33–1.37 range compatible with biological and environmental
applications. For waveguides that are embedded deeper inside the bulk, only a single wing
feature is observed which is the transmission drop corresponding to the oil’s RI matching the
waveguide’s RI. Moreover, a new theoretical modeling approach is proposed based on the solution
of the vectorial Maxwell equations of the guided modes propagating in near-surface waveguides.
This approach is the first one to predict and explain the increase in the transmission for which
the oil’s RI is lower than the waveguide’s (noil<neff ). Finally, a sensitive RI sensor operating
in the range of 1→ 1.75 refractive index exhibiting transmission drop up to 80% (7dB) for an
interaction length of 5 mm is manufactured in a 1 cm silver containing glass chip which is a first
using fs LW technique. Those results pave the wave towards sensing applications based on type
Argentum waveguides in silver containing glasses.
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