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ABSTRACT

The refractive index sensing capabilitity of distributed feedback (DFB) lasers based on highly
photostable (under ambient conditions) perylenediimide-based active films, are reported. The
sensor bulk sensitivity is determined from changes in the laser emission wavelength upon
exposure to different liquids. The role of the active film thickness (h;) on the sensor sensitivity
and on the laser parameters is studied. Sensors based on very thin films (h; = 160 nm) show
the highest sensitivities, but their laser thresholds are relatively high and their operational
durabilities moderate. The use of thicker films (h; = 850 nm) allows reducing the laser
threshold and increasing the durability by two orders of magnitude. In this case, a higher
sensitivity is achieved when the sensor operates at the wavelength corresponding to the first-
order TE; mode, instead of at the TEy one. Finally, it is also shown that the inclusion of a high
refractive index TiO, layer on top of the sensor structure improves the sensitivity by around
two times.
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1.-Introduction

Label-free refractive index sensors are ideal devices for highly sensitive and possibly specific
non-intrusive sensing with great potential in a variety of applications such as drug discovery,
biological research, diagnostic tests, food safety, and environmental monitoring [1]. Over the
past decades, different types of optical resonant refractive index sensors have been proposed.
Most of them are based on passive optical structures such as gold films for surface plasmon
resonance [2,3], photonic crystals [4-7], microrings [8], microsphere [9] and microtoroid [10]
that interact with an external light source via reflection, transmission or waveguide coupling.
Such sensors generally detect the resonant wavelength shift due to the interaction between
the evanescent electric field of the resonant modes and the target analyte deposited on the
sensor surface. The sensing performance is typically characterized by the bulk sensitivity, Sb,
defined as the resonance wavelength change per refractive index unit (expressed in nm/RIU
units). Also important is the sensor resolution, r, which refers to the minimum wavelength shift
that can be measured. The sensor resolution and the sensor sensitivity combines to give the
system limit-of-detection LOD = r/Sb in Rl units [11]. In passive resonators, the strategies which
allow improving the resolution generally lead to a reduction of Sb, establishing a trade-off for
their optimization. Thus, surface plasmon polaritons on gold films have been widely used as
refractometric sensors due to its high sensitivity, even though wide peak resonances dealt to
no optimum LOD. Bloch Surface Waves (BSW) on dielectric one-dimensional Photonic Crystals
are equivalent to surface plasmon polaritons (SPP) on thin metal films and share some
common characteristics. However, since dielectrics are characterized by much lower extinction
than metals, BSW resonances appear much narrower than those observed for SPP [12].
Recently, a fluorescent multi-layered dielectric structure was used for detecting spectral
changes of the BSW-coupled light emission due to an external perturbation of the refractive
index, obtaining high sensitivities and a LOD down to 3 x10°[13].

The second-order solid-state organic distributed feedback laser (DFB) [14,15] represents the
next step from passive to active optical refractometric sensors, because the structure
incorporates its own source of optical gain and feedback, so that it allows achieving narrow
bandwidth output through the process of stimulated emission [16,17]. Although the linewidths
achievable by DFB sensors are generally not narrower than those obtained with some of the
sensors mentioned, they are simultaneously capable of high sensitivity and a high degree of
resolution. In addition, DFB sensors show significant advantages for label-free sensing,
including: (i) simple implementation; these sensors require neither nanometer-level precision
for positioning of optical fibers or waveguides to the resonator perimeter, nor high precision
tunable lasers as the illumination source [18], (ii) the platform can be fabricated through
simple fabrication techniques such as interference lithography or nanoimprint lithography
(NIL), enabling easily the extension to large scale production, while thin films of active
materials are most commonly deposited by evaporation, spin-coating, ink-jet printing or
horizontal dipping [18], and (iii) an organic laser structure can be fabricated on a mechanically
flexible substrate, providing a platform easily integrated into existing assay equipment [19].
Moreover, DFB sensors meet also the requirement for multiplexing sensing and have
demonstrated in some cases the possibility of using compact laser diodes or even light
emitting diodes [LEDs] [20] as the optical pump, which constitutes a promising scheme for
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their commercialization. State-of-the-art figure-of-merit for DFBs are in the range of 7x10° RIU
[21], while the lowest LODs of optical refractive index sensors are in the range of 107 to 10
RIU and the lowest limits for photonic crystal sensors are 10® RIU [1,7]. Different from DFB
sensing, and sharing most of advantages pointed out above but not including a gain active
medium, photonic crystal (PhC) resonant reflection was recently proposed [22, 23] to study
cell dynamics, the presence of single metallic or dielectric nanoparticles on top of the PhC
structure, or the use of these nanoparticles conjugated with biomolecules for the detection of
specific antigens.

A wide variety of materials have been used to fabricate the active layers of DFB sensors:
organic semiconductors prepared as neat films, such as truxene-core molecules [24] or
semiconducting polymers [25]; or laser dyes dispersed in inert polymers, for example
Rhodamine 590 in the SU-8 resist [19,26], Coumarin 503 in poly(methyl methacrylate) (PMMA)
[16] or Pyrromethene 597 in Ormocore [21]. Among many families of laser dyes,
pyrromethenes and perylenediimides (PDls) are among the most photostable (independently
on the type of matrix or device). There has been extensive work in the development of
sophisticated matrixes including the dye covalently linked (not dispersed), in which dyes such
those of the Rhodamine family, or others, can improve their photostability significantly [27].
But note that such data are obtained in monoliths pumped transversely as done with liquid
laser dyes, but not in waveguide films, nor in DFB devices. Until the present study, the use of
PDI-based DFB lasers as sensors has not been demonstrated. A relevant feature of DFB lasers
based on PDIs dispersed in thermoplastic polymers, such as polystyrene (PS) or PMMA, as
active films, is the simultaneous combination of an excellent photostability half-life under
operation in ambient conditions, up to 10° pump pulses, and a relatively low DFB threshold of
3 kW/cm? [28,29], considerably better than those of DFBs based on other materials. For
example, DFB sensors based on Rhodamine 590 or Coumarin 503 laser dyes dispersed in
polymer matrixes have shown thresholds between 10 and 18 kW/cm? [16,26,30], without
published photostability data. DFB sensors based on Pyrromethene 597 dispersed in Ormocore
have shown photostability lifetimes of around 10* pump pulses and relatively high DFB
thresholds (70 kW/cm?) [21]. Worth to mention are DFB sensors based on truxene-core
molecules, showing a reasonable combination of threshold (12 kW/cm2) and operational
lifetime (around 10° pump pulses) [24,31]. Another remarkable property of PDI-doped PS
materials is their excellent thermal and chemical stability, which enables grating imprinting by
thermal-NIL directly onto the active film and consequently in a very simple and economical
way [32].

It is known that the sensitivity of a DFB sensor is larger when the active film thickness is as thin
as possible [17,21,33]. However, a problem of using a very thin active film in the DFB laser is
that its threshold increases due to its lower absorption and therefore emitted light intensity,
and also due to a poor confinement of the waveguide mode [34]. Also the operational lifetime
would decrease, given that the device needs more pump intensity to operate [28,35]. While
strategies towards sensitivity improvement have been previously explored, less attention has
been devoted to the effect of these strategies on the device laser threshold and operational
lifetime. Both parameters are important to develop simple, scalable fabrication of organic
lasers operating as sensors that may be compatible with inexpensive pump sources and
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therefore provide a compact, inexpensive approach to integrated visible lasers operating as
sensors [20]. An interesting approach in this context is the use of a resonant optical pumping
scheme for the DFB, consisting in coupling the excitation light into a distinct resonant mode of
the laser cavity through illumination at a specific incident angle. This approximation has
demonstrated success in reducing the laser pump threshold, and consequently also in
increasing the operational lifetime, in two- and one-dimensional DFB sensors [36,37]. Another
reported strategy to increase the DFB sensor sensitivity consists in depositing high refractive
index layers on top of the active film [19,21,26].

Here we report DFB sensors based on highly photostable PDI-doped PS active films showing
sensitivity values comparable to those obtained with other DFB sensors previously reported,
while their operational durability is much superior. The role of the active film thickness (hf) on
the laser parameters (emission wavelength, threshold and operational durability) and on the
sensor sensitivity is studied. Firstly, we analyze DFB sensors based on thin active films (160
nm), whose emission is associated to the TE; waveguide mode, aiming to optimize the
sensitivity. Then, results for devices with thicker films (around 850 nm), with optimized lasing
threshold and operational durability are presented. The interpretation of the DFB threshold
dependence on film thickness is done in combination with amplified spontaneous emission
(ASE) studies in films without gratings. Finally, the effect on the sensor performance of
depositing a high refractive index TiO, layer on top of the devices is also explored.

2.-Materials and methods
2.1 Device structure and operation principle

The structure of the simplest device (see Fig. 1a), denoted here as single-layer DFB laser,
consists of a planar asymmetric waveguide consisting of a PDI-doped PS film with thickness h;
and refractive index n; = 1.59 (at 4 =580 nm), deposited over a transparent fused silica
substrate (n, = 1.46, at A =580 nm) patterned with a periodic one-dimensional DFB grating
(overall size: 2 mm x 2 mm; period: A = 376 nm; depth: d = 60 nm). The DFB grating was
engraved by thermal-NIL and subsequent etching, prior to active film deposition, as described
below. Devices including an additional top TiO, layer (thickness h; = 26 nm; refractive index n, =
2.4, at 1 =580 nm), see Fig. 1b, denoted as two-layer DFB lasers, were also prepared. For ASE
studies, samples consisting of active films deposited over bare fused silica (without gratings)
were used. From previous film thickness dependence studies of the waveguide, ASE and DFB
performance of PDI-doped PS films [34,38], it is known that the observed DFB laser peaks
correspond to TE waveguide modes, and not to transverse magnetic (TM) ones. Lasing
associated to TM modes occurs at a much higher threshold, so in order to be observed, devices
would need to be pumped at larger intensities. The TE character to the DFB emission was
verified by means of a polarizer.

The DFB laser sensor works, according to the Bragg condition, as an optical cavity and emits
light through stimulated emission upon the absorption of input energy. The emission
wavelength (Aoes) is close to the wavelength at which the cavity resonates (Aggg), Which is
determined by the grating period (A), the diffraction order (m) and the effective refractive
index (n.g), according to the expression:
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ABragg: (2 neff/\)/m (1)

The nes parameter depends on n;, ng, hs and the refractive index of the cover layer (air in the
case of the devices without TiO, layer). The DFB structure provides both, the feedback
mechanism and the out-coupling for the laser. Using a second-order Bragg grating (m = 2 in Eq.
1), light is emitted perpendicularly to the active film by first-order diffraction. The grating
period value of our devices (A = 376 nm) was chosen in order to obtain operation in the second
order, at wavelengths in the range 545-595 nm, at which the PDI photoluminescence (PL) is
sufficiently efficient and there is no strong self-absorption for the various film thickness used.

The deposition of superstrates of different refractive index on top of the DFB device results in
changes in the laser wavelength, due to changes in n.g, which constitutes the operational
principle of the sensor. In this work the DFB sensors have been exposed to liquid superstrates
of different refractive index, n: distilled water, aqueous solutions of glycerin (25, 50, and 75%)
and pure glycerin. The bulk refractive index sensitivity, Sb, determined as the derivative of the
lasing wavelength shift, AA, with respect to n, has been determined in the biological range (at n
=1.33).

INSERT FIG. 1
2.2 Device fabrication.

For DFB grating preparation, a transparent fused silica master with a one-dimensional DFB
grating of periodicity A = 376 nm, equal line and space and a depth d = 100 nm, fabricated by
e-beam lithography and reactive ion etching (NIL Technology), was used. The DFB grating was
surrounded by concentric rectangles to maintain a constant residual layer thickness. The
stamp was treated with tridecafluoro-(1,1,2,2)-tetra-hydrooctyl-trichlorosilane antiadhesive
coating deposited from the vapor phase [39]. This treatment is very important to decrease the
surface energy of the masters and, therefore, to facilitate the demolding step. A layer of 100
nm thickness of mr-17010R (from Microresist Technology GmbH) was spin-coated on a 4-inch
transparent fused silica wafer. The NIL (or hot-embossing) process was carried out in a
Jenoptik HEX03 press under vacuum at 1352C and 10 kN force during 12 minutes. The
demolding temperature was 402C. After demolding, a residual layer of 50 nm was obtained.
This residual layer was removed under an O, plasma (10 sccm, 75 mTorr, 20W) and the grating
was transferred to the fused silica wafer by CHF3/Ar plasma etching (25 sccm CHF3, 25 sccm Ar,
30 mTorr, 200W). Both etching processes were carried out in an Oxford PlasmaLab ICP 80+. A
scanning electron microscope micrograph of one of the obtained gratings is supplied in the
supporting information (Fig. S1).

In the two-layer DFB devices, the TiO, layer was prepared in a MIDAS 450 semi-industrial
vacuum chamber designed by IK4-TEKNIKER. This chamber includes a closed field unbalanced
magnetron sputtering system with three rectangular evaporators (500 mm x 125 mm). A metal
Ti target (99.6% purity) was reactively sputtered in Ar + O, atmosphere by pulsed DC
magnetron sputtering technology (Pinnacle” Plus+, AE). The Ar flow was kept constant at 40
sccm, while the O, flow was controlled via Speedflo controller (Gencoa) in order to hold the
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process in high rate metallic or transition mode. The required voltage for this mode was set at
330V and the average power was 3kW.

Active films were prepared by spin-coating a toluene solution containing PS, as inert matrix
polymer, and 1.0 wt% (with respect to PS) of perylene orange (PDI-O, chemical structure in Fig.
1(c)), on top of a substrate. In the case of the single-layer devices, fused silica substrates with
the engraved DFB gratings were used. The two-layer devices were prepared depositing TiO,
layers on top of the single-layer systems. After deposition, active films were heated at 902 C
for 120 min to eliminate the residual solvent. PS (M,, = 35000 g/mol) and toluene was
purchased from Sigma-Aldrich. PDI-O (purity higher than 99.5%) was purchased from Phiton.
The percentage of polymer with respect to the solvent was adjusted in order to obtain hs
values between 160 and 850 nm, depending on the device. Film thickness was determined by
the fringe pattern of the absorption spectrum, measured by a Jasco V-650 UV-VIS
spectrophotometer.

2.3 Optical characterization

Standard PL measurements were carried out in a Jasco FP-6500 fluorimeter. DFB emission
characterization was performed under excitation with a pulsed Nd:YAG (YAG-yttrium
aluminium garnet) laser (5.5 ns, 10 Hz) operating at 532 nm. The pump beam over the sample
(elliptical with a minor axis of 1.1 mm) was incident at an angle of around 20° with respect to
the normal to the film plane. The small deviation from normal incidence aimed to facilitate
light collection, by means of an Ocean Optics MAYA2000 fiber spectrometer, in a direction
perpendicular to the sample surface. The nominal wavelength resolution of this spectrometer
is 0.07 nm. However, since the measured spectrum is formed by discrete points separated by
steps of 0.035 nm, the peak wavelength can be estimated with a resolution better than that of
the spectrometer by fitting the experimental results to a Lorentzian curve [26] or using a
center of mass model approach [21]. In those cases, the sensor resolution is defined to be
twice the standard deviation of a set of successive measurements and its value is usually of the
order of one picometer. The excitation and collection geometry (see Fig. 1(a)) differs slightly
from the one used in previous works to characterize PDI-based DFB lasers [35], since here
excitation and light emission collection is done through the substrate, with the sample placed
horizontally with respect to the optical table to facilitate the deposition of liquid superstrates.
This geometry, which requires the use of a transparent substrate, avoids disturbing the analyte
with the pump beam.

The characterization of the ASE properties of the PDI-doped PS films over substrates without
gratings was done in the standard setup used in previous works for such purpose [29,38]. The
excitation beam is the same one used for DFB studies, but here a cylindrical lens and an
adjustable slit were used to shape the beam into a stripe of 3.5 mm by 0.50 mm, which was
incident directly upon the active film in a perpendicular direction. The stripe was placed right
up to the edge of the film, from where PL emission was collected with an Ocean Optics
USB2000-UV-VIS fiber spectrometer with 600 grating lines and a resolution in determining the
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emission linewidth of 1.3 nm. The precision in measuring the emission wavelength was around
half of this value.

3.-Results and discussion
3.1.-Single-layer DFB laser sensors: PDI-O-doped PS over resonator

We first prepared a DFB sensor with a very thin active film (h; = 160 nm), with the aim of
obtaining the largest possible sensor sensitivity. The sensitivity increases as h; diminishes
because the slope of the n.s (and consequently that of Ag.gs , See eq. (1)) versus hs curve
increases. This concept is illustrated in Fig. S2 in the Sl section, which displays Agg as a
function of h; for a device exposed to air and water. The n values used for the calculation of
Asrage have been obtained by solving the propagation wave equation for the simplest possible
model waveguide, consisting of a film of thickness h; deposited over a planar fused silica
substrate of infinite thickness [38,40]. It has also assumed that the cover layer (air or water)
has infinite thickness. The calculated cut-off thickness for the waveguide in air for the TE, and
TE, modes are respectively heueoff (TEg) = 149 nm and hyeoft (TE;) = 600 nm. So, the election of
hs =160 nm aimed to be just above h.,.o#(TEo). The refractive index sensing capability of this
sensor with h; = 160 nm is illustrated in Figure 2, which shows the experimental DFB spectra in
air and after the deposition of liquids of different refractive index on top of the device. The
wavelength shift upon water deposition (AAaw) is 4.2 nm. The sensor sensitivity near the
refractive index value of 1.33 (the biological range) is Sb = 32 nm/RIU (see Fig. 2, inset). This Sb
value is comparable to those reported for other single-layer waveguide DFB sensors (Sb = 20
nm/RIU at n = 1.33) [16,24], which have demonstrated their capability to detect biomolecules
[16,41]. This indicates that our PDI-O-based DFB sensors have sufficient sensitivity to be used
for biomolecule detection. Importantly, these sensitivities can be further improved by
including high index top layers (see section 3.2) or by increasing the refractive index difference
between active film and substrate, as recently demonstrated [25]. The sensor resolution was
calculated by analyzing with the center mass model [21] the peak corresponding to the case of
water superstrate. Thus, from a set of 50 spectra, we determined a resolution of 0.8 pm and a
LOD of 2.5x107 RIU. This LOD value is similar to that of photonic crystal sensors [7, 42].

INSERT FIGURE 2

As previously mentioned, a drawback of using a very thin active film is that the DFB threshold
becomes larger and the operational lifetime lower than those achievable with DFBs based on
thicker films [28,34]. In order to improve the DFB threshold and operational lifetime, we have
prepared devices with thicker active films. First, we fabricated a laser with h; = 180 nm, only
slightly thicker than the one just discussed. The aim was to test how critical a change of
thickness is in the sensor sensitivity and its threshold. Following the same procedure shown in
the inset of Fig. 2, the sensor sensitivity in the biological range is Sb = 28 nm/RIU, only slightly
inferior, while its threshold improves considerably, as discussed in detail below.
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The strategy followed here to obtain a device with optimized threshold and operational
durability, while keeping a reasonable sensitivity, has been to prepare an even thicker film,
particularly h; = 850 nm, which supports two waveguide modes (TEy and TE,). The idea is to
make the DFB device operating at a wavelength associated to the TE; mode, whose dispersion
curve for thick films has a larger slope than that of the TE,; one (see Fig. S2), and therefore with
better sensitivity. The effect on the DFB spectra and the thresholds of changing h; is analysed
through Figure 3, which shows results for the three prepared devices (with hsvalues of 160,
180 and 850 nm). Data for the ASE spectra and thresholds of films of the same characteristics,
but deposited over substrates without gratings are also provided. The interest of studying also
the ASE properties relies on the fact that the ASE wavelength practically does not change when
hs is varied, in contrast to the DFB wavelength, which is very sensitive to changes in h;. So, ASE
analysis constitutes a useful tool to clarify the role of the waveguide mode confinement on the
threshold [38]. As observed in Fig. 3(a), the ASE spectrum red-shifts only slightly when film
thickness increases, while the ASE threshold increases considerably ca. from 6 kW/cm? (for hs =
850 nm) up to 120 kW/cm? when hy is decreased down 160 nm (see Fig. 3(b)). This is due to the
lower absorption of the latter, and therefore PL intensity, as well as to a poorer confinement
of the waveguide mode [43]. The ASE photostability of the thin film is inferior to that of the
thick film. Indeed, the very large ASE photostability half-life value of 2 x 10° pump pulses
(under excitation two times above the ASE threshold) of the 850 nm-thick film decreases by
around one order of magnitude in the thinnest film. But this difference is not a material
property dependent on film thickness, but a direct consequence of the higher threshold of the
thin film, which requires a higher pumping intensity for operation and this parameter affects
critically the photostability performance [28,35].

In the case of the DFB lasers, changes in h; have an important effect on Apgs (see Fig. 3(c)) due
to the DFB grating. Thus, the analysis of the effect of changing h; on the threshold, which is
also quite drastic (see Fig. 3(d)) is more complex than in the ASE case. Devices with the
thinnest films (h; = 160 nm and h; = 180 nm) show one single peak, associated with the TE,
mode. Their thresholds are quite large (210 and 73 kW/cm?, respectively) mainly because they
emit far from the wavelength of maximum gain (given by the ASE wavelength), but it is also
because waveguide mode confinement is poor, as previously shown by the ASE data. The
important role of the waveguide mode confinement is confirmed by the fact that for the film
with h; = 850 nm, the threshold of the DFB peak associated to the TE;mode is only 20 kW/cm?,
although this one also emits at a wavelength far from the peak gain. Importantly, the lowest
threshold was obtained for this thicker film, but for the DFB peak associated with TE; mode (3
kW/cm?), due to its proximity to the peak gain. With regards to the DFB operational durability,
results are in accordance with previously discussed ASE photostability performance. The DFB
laser based on the thick active film shows an operational half-life of around 10° pump pulses
(under excitation two times above the DFB threshold), one order of magnitude larger than that
of the thinnest film. The reduction of lifetime in this latter device is due to the need of
pumping with a higher intensity, due to its higher threshold.

INSERT FIGURE 3
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The sensitivity of the device with h; = 850 nm upon deposition of different liquids was
determined for both DFB peaks (see Figure 4). Upon water deposition, the wavelength shift for
the TE; mode is Adaw = 1.3 nm, two times larger than that obtained with the TE; mode (Ada.w
= 0.6 nm). The advantage of using the TE; mode is also reflected in its higher sensitivity value
(Fig. 4, inset). Note that although this Sb value is smaller than that of devices based on thin
films, its threshold is significantly lower and its operational lifetime is significantly larger. This
result is important because for certain applications, not requiring a very large sensitivity, but a
low threshold and long device lifetime, the use of thick films would be a wise option.

INSERT FIGURE 4
3.2.- Two-layer DFB laser sensors: TiO,/PDI-O-doped PS over resonator

Here we study the effect of having a top layer of high refractive index in the DFB device,
because this has demonstrated success for increasing the sensitivity of other DFB sensors
reported [19,21,26]. We first analyze this in sensors based on thin active films (h; = 160 nm),
including a top TiO, layer, see Figure 5(a). First of all, it should be noted that Ay appears at a
value of around 10 nm above the one obtained with the device without TiO, layer (see Fig. 2).
The shift in the emission wavelength upon water deposition is now AA,w = 10.2 nm and the
sensitivity Sb = 60 nm/RIU. These values are around two times larger than those obtained with
devices without TiO,. This Sb value is comparable to that reported by Vannahme et al. [21] (Sb
=70 nm/RIU, at n = 1.33) which performed a detailed investigation to optimize the thickness of
the TiO, layer to obtain the maximum sensitivity. The DFB spectra consisted in a single peak
associated with the TEy mode, except in the case of glycerin exposure which showed an
additional peak corresponding to the TE; mode. The association of a given laser peak to a
certain waveguide mode was done as in previous section through Eq. (1), although in this case
the effective indexes could not be calculated in the frame of a waveguide film between two
media of infinite thickness, given that the thickness of the TiO, layer is only 26 nm. Instead, a
multilayer model was used [43].

INSERT FIGURE 5

The effect of including a top TiO, layer in the sensor structure has also been investigated for
DFBs based on thick active films, which as discussed in previous section are particularly
interesting for their lower thresholds and higher operational durabilities. The DFB spectrum of
such a device with h; = 850 nm and the TiO, layer consists of several peaks associated with
different waveguide modes (TE; and TE, in air; TE,, TE, and TE; in water, etc.; see Fig. S3 in
supporting information), which makes the sensing capability analysis rather complicated. Only
the TE, mode allows sensing (Ada.w = 2.5 nm and Sb = 16 nm/RIU) in the same range of
refractive indexes used in previous devices studied in this work, Figure 5(b), since it is the one
appearing in all cases (in air, water, etc.). In accordance with the device based on a thin active
film, the sensitivity also increases thanks to the inclusion of the TiO, layer. Nevertheless, taking
into account the existence of various DFB peaks due to the multimode character of these
devices, limits the interest of these devices in comparison to the ones showing only one DFB
peak.
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With regards to the effect on the laser threshold of the presence of the TiO, layer, it was
observed that it becomes around two times larger than those of devices without TiO,. This can
be attributed to the presence of higher order modes, although a detailed interpretation of this
issue is not an obvious task, since it depends on various parameters as already discussed.

Conclusions

DFB lasers with active films consisting of PS doped with PDI-O, showing an excellent
photostability under operation in ambient conditions and a relatively low threshold, have been
fabricated. Their feasibility as bulk refractive index sensors has been investigated through the
changes observed in their laser emission wavelength upon exposure to different liquid
superstrates: distilled water, agueous solutions of glycerin (25, 50, and 75%) and pure glycerin.
The role of the active film thickness (hs) on the laser parameters (emission wavelength,
threshold and operational durability) and on the sensor sensitivity has been studied. The
device based on a very thin film of h; = 160 nm has shown in the biological range a sensitivity
of Sb =32 nm/RIU, comparable to other single-layer DFB sensors reported in the literature,

PFB = 200 kW/cm?) and its operational durability
moderate (half-life of around 10* pump pulses). In this case, the sensor resolution calculated

while its threshold is relatively high (/i

from a set of 50 spectra using the center mass model approach is 0.8 pm, which leads to a LOD
of 2.5x107 RIU. A slight increase of h; up to only 180 nm has allowed decreasing the threshold
by three times, while its sensitivity diminishes only slightly (Sb = 28 nm/RIU). The increase of h¢
up to around 850 nm allows improving considerably both, the laser threshold and the
operational durability, although the sensitivity decreases. In this case the overall performance
is better (by several times) when the sensor operates at the wavelength corresponding to the
first-order TE; mode ("™ = 3 kW/cm?, half-life 10°> pump pulses, Sb = 7.6 nm/RIU). Finally, the
inclusion of a high refractive index TiO, layer on top of the sensor structure improves the
sensitivity by around two times, although in the case of devices based on thick films, the
sensor operation is complicated by the appearance of many peaks associated with high order
waveguide modes.
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Figure Captions

Figure 1. Schemes of single-layer (a) and two-layer (b) DFB sensors, including excitation and
collection geometry, and laser dye chemical structure (c). The single-layer sensor consists of
an active layer of polystyrene doped with 1 wt% of the laser dye perylene orange, deposited
over a fused silica substrate with a DFB grating as periodic nanostructure. The two-layer sensor
is like the single-layer one, but covered with a TiO, layer. The analyte (superstrate) is a drop of
liquid solution deposited on top of the device.

Figure 2. Laser spectra of a single-layer DFB sensor with h; = 160 nm exposed to air and
different liquids. Spectra (output DFB intensity, Lu"T?, versus emission wavelength, A from left
to right correspond to air (A), water (W), and several aqueous solutions of glycerin —25 wt%
(Gas), 50 wt% (Gsp), 75 wt% (G7s) and pure glycerin (G100) — on top of the device; Inset:
Wavelength shift (AA) versus superstrate refractive index (n) and sensor sensitivity (Sb)
determined in the biological range.

Figure 3. ASE and DFB properties for single-layer DFB sensors with different h; values.
Emission spectra and output intensity versus pump intensity curves for threshold
determination are shown in (a) and (b) respectively, for ASE; and in (c) and (d) for DFB. Data
shown correspond to h; = 160 nm (A: green line, circles), hs = 180 nm (B: red line, triangles) and
hs =850 nm (C: black line, squares), deposited over fused silica without and with gratings, for
ASE and DFB, respectively. The corresponding PL spectra are also shown (dashed blue line).

Figure 4. Laser spectra of a single-layer DFB sensor with h; = 850 nm exposed to air and
different liquids. Spectra shown correspond to air (A), water (W), and several aqueous
solutions of glycerin —25 wt% (G,s), 50 wt% (Gsp), 75 wt% (G7s) and pure glycerin (Gigo) — 0N top
of the device. Each DFB spectrum consists of two peaks corresponding to the TE; and TE,
waveguide modes; Inset: Wavelength shift (A1) versus superstrate refractive index (n) and
sensor sensitivity (Sb) determined in the biological range.

Figure 5. Laser spectra of two-layer DFB sensors (with top TiO, layer) exposed to air and
different liquids. Spectra shown correspond to devices with h; = 160 nm (a) and h; = 850 nm (b)
exposed to air (A), water (W), an aqueous solutions of glycerin at 50 wt% (Gsp) and pure
glycerin (Gygg). Spectra shown in (a) correspond to TE; waveguide modes. The spectrum for
G100 Shows also a peak at 570 nm (not shown) associated to the TE; waveguide mode. Spectra
shown in (b) correspond to TE, waveguide modes (peaks associated with other modes not
shown). The wavelength shift (AA) for the laser peak associated to the TE; mode and TE, mode
(insets in (a) and (b), respectively) is plotted versus superstrate refractive index (n) for sensor
sensitivity (Sb) determination in the biological range.
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HIGHLIGHTS
e Label-free refractive index sensors based on photostable distributed feedback lasers.
e Role of active film thickness on sensor sensitivity and on laser parameters studied.
e High sensitivity and operational durability of 180 nm-thick film laser sensor.
e Thick active films (ca. 850 nm) improve laser threshold and photostability.

e Operation at the TE; waveguide mode improves sensitivity of thick film-based sensors.
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