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Abstract—We present an organic semiconductor dis-
tributed feedback laser biosensor and demonstrate its
sensing capabilities. Optimization of the gain layer
thickness to maximize the response to refractive in-
dex changes and bulk sensing results are shown.
Desthiobiotin-avidin sensing assay results are also pre-
sented and the potential to perform multiple, repeated
sensing measurements is demonstrated.

I. Introduction

Evanescent optical sensors are devices that measure a
change in the refractive index of the medium at the sensor
surface. Such sensors are ideal for medical diagnostic
applications due to their capacity for non-contact label-
free detection, multiplexing and their incorporation into
lab-on-chip systems [1]–[4]. Distributed feedback (DFB)
lasers represent one type of evanescent biosensor that can
be used to observe refractive index changes in liquid or
gaseous media, via a change in emission wavelength as
shown in Fig.1. DFB lasers are simple in their fabrication
and can be excited optically at any position within the
sensor surface and generate their own coherent, narrow
stimulated emission normal to the laser surface, resulting
in simple implementation [5], [6]. The surface of a DFB
laser can be functionalized for the detection of specific
analytes; binding of the target analytes produces a change
in refractive index at the laser surface which translates
to a corresponding change in emission wavelength that
is detected. Existing DFB laser biosensors utilize a dye-
doped polymer as the gain material and have been shown
to detect a variety of different biomolecules [7], [8]. Here,
we discuss an ‘all-organic’ oligofluorene truxene-based
DFB laser biosensor. By using an organic semiconductor
as the gain material, which is less prone to quenching
than dye-doped polymers, there is potential to enhance
laser, and therefore sensing, characteristics.

DFB laser sensitivity for refractive index sensing is
defined by the material and structural properties of the
device [9], [10]. Therefore, it is important to understand
the influence each of the device parameters have on the
operation and response of the laser to refractive index
changes. The effect of device parameters on refractive
index sensing can be investigated through the use of
an analytical model. Modeling of the device response to
bulk or surface sensing (i.e. biomolecule detection) can
be an efficient way to determine the optimum DFB laser
structure design to maximize device sensitivity.

In this paper we present a modified slab waveguide
model used to characterise the response of our DFB
lasers and optimize the structure for surface sensing. We
also present specific biomolecule (avidin) detection results
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Figure 1. Schematic of the DFB laser with a monolayer
of polyphenylalanine lysine (PPL) deposited on the truxene
(T3) surface. Laser emission is normal to the device surface
and is coupled to a spectrometer. The solid and dashed lines
represent the propagation of the second order laser mode and
the feedback induced by perturbations in refractive index due
to the grating structure respectively (a). Examples of spectral
emission with the laser superstrate as air, phosphate buffered
saline (PBS) solution and 1 mg/mL PPL in PBS solution (b).

and demonstrate that a single sensor can be used for
repeated avidin detection measurements. The “plastic”
nature of our DFB lasers make them suitable for single-
use disposable sensors, nonetheless, the prospect of a
robust multi-use sensor is an attractive concept.

II. Device concept

The sensor is based on a second-order vertically-
emitting DFB laser and consists of a three-layer planar
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waveguide with a thin gain layer, thickness t=70 nm,
sandwiched between the substrate and superstrate re-
gions as shown in Fig.1a. The substrate, a UV curable op-
tical epoxy (Norland), is patterned with a periodic nanos-
tructure (period, Λ, 276 nm; grating depth, δt, 50 nm)
which provides both the out-coupling and feedback mech-
anism for the laser. The gain layer is an organic semicon-
ductor composed of fluorescent tris(terfluorenyl)truxene
(T3). T3 has a refractive index of 1.81 at 430 nm in a
thin film [11] which is higher than the refractive indices
of the substrate and superstrate, i.e. forming a planar
waveguide.

λ = neff Λ (1)

DFB laser emission is governed by the second-order
Bragg equation, Equ. 1, where λ is the Bragg wavelength,
neff is the effective refractive index of the mode, and Λ
is the grating period as defined previously. The value of
neff is determined by the refractive indices of each of the
three layers and the thickness of the T3 layer. Any change
in the superstrate refractive index, such as a change in
superstrate medium or adsorption of molecules to the
laser surface, will influence the effective refractive index
and induce a shift in the laser emission wavelength, as
demonstrated in Fig. 1b. Therefore, the DFB laser can
be used for biosensing applications via functionalization
of the laser surface for specific biomolecule detection and
monitoring the emission wavelength of the laser.

A. Simulation of laser response

Simulation of the effective refractive indices of the laser
modes, and the shifts in laser emission wavelength, was
performed using a modified one-layer waveguide model
of the DFB laser [12], [13]. The model inputs are the
structure parameters such as refractive index and thick-
ness, and the model outputs the effective refractive index
for the structure. The effect of the periodic modulation
induced by the grating structure and the effect of re-
fractive index dispersions of both the substrate material
and the T3 were taken into account in the model as has
been described previously elsewhere [14]. For simulation
of surface sensing, the model was modified to consider
multiple layers enclosed between semi-infinite substrate
and superstrate regions [15]. Examples of the modeled
response of the DFB laser to changing superstrate index
(air, PBS solution and PPL solution) are shown in Fig. 2,
demonstrating the change in the electric field for changing
effective refractive index.

B. Device fabrication

DFB lasers were fabricated by drop-coating an optical
epoxy onto a silica master grating (E-beam lithography),
with a piece of acetate sheet on top, and photocuring
with a UV lamp for 50 s. After curing, the grating
imprinted epoxy was peeled from the master grating and
cured for a further 60 minutes. T3 solution (20 mg/mL)
was prepared in toluene and 20 µL spin-coated onto the
grating imprinted epoxy at a range of spinning speeds
for 90 s (see Section IIIA). Sensors were fixed within a
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Figure 2. Modeled electric field profiles for the laser exposed
to air (a), PBS solution (b) and PPL solution (c).

glass cuvette and were pumped through the substrate, at
an external angle of ≈45o, with a frequency-tripled, Q
switched Nd:YAG laser (355 nm, 10 Hz repetition rate)
and out-coupled emission was collected by an optical fiber
and transferred to a grating-coupled CCD spectrometer.
The laser can be pumped at any position within the
greating and an angle of 45o was simply chosen for the
ease of collecting emission normal to the laser surface.

III. Results

A. Gain layer optimization

The thickness of the T3 layer is directly related to the
laser mode wavelength and the sensitivity of the DFB
laser response to bulk refractive index changes. A mini-
mum T3 thickness is required for lasing but beyond this
minimum cut-off thickness, a thinner gain layer results
in a greater shift in wavelength emission per refractive
index unit (RIU) change. The response of our DFB laser
was investigated by preparing a number of lasers with a
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range, 0.5 - 3.5 thousand revolutions per minute (krpm),
of different T3 spin-coating speeds. The response of these
lasers to bulk refractive index changes was probed by
submerging the lasers in de-ionised (DI) water (refrac-
tive index of approximately 1.34 at 430 nm). The laser
wavelengths (in air) and the shifts in emission wavelength
upon exposure to DI water for each of the lasers are shown
in Fig. 3. The largest shifts in wavelength (∆λ≈3.40 nm)
were noted for lasers with the lowest lasing wavelength
i.e. lasers with the T3 layer spin-coated at the fastest
speeds and therefore with the thinnest gain layers. The
expected shift in wavelength upon exposure to DI water
was also modeled as a function of gain layer thickness as
shown in Fig. 3. The theoretical data agrees well with the
experimental data, a plateau at a maximum wavelength
shift of (∆λ=3.31 nm) for a gain layer thickness between
65-75 nm. The T3 layer thickness was determined using
atomic force microscopy and demonstrated that a spin-
coating speed of 3.2 krpm resulted in a T3 thickness of
70.6±9.0 nm, within the plateau region of the modeled
shift. The mean shift in wavelength for lasers spin-coated
at 3.2 krpm was 3.33±0.07 nm upon exposure to DI
water. Therefore, all lasers were subsequently fabricated
with a spin-coating speed of 3.2 krpm. The good agree-
ment between the experimental and theoretical results
indicates that the model can be used to investigate de-
sign changes to the DFB laser structures for sensitivity
optimization with confidence.

Figure 3. The shift in wavelength and emission wavelength
in air for lasers fabricated with a range of T3 thicknesses
are plotted. Theoretical thickness, emission wavelength and
wavelength shifts are also plotted.

B. Bulk sensitivity

Bulk refractive index sensing was demonstrated by
immersing DFB lasers in solutions with a range of dif-
ferent refractive indices as shown in Fig. 4. The laser
emission was found to redshift >5 nm for the 60% glycerol
solution which was the highest index solution tested.
This corresponds to a bulk refractive index sensitivity
(∆n/∆λ) of 23 nm/RIU. The shift in wavelength for
increasing bulk refractive index was also determined for
the DFB laser for a range of superstrate refractive indices
using the model, also shown in Fig. 4. The model over

estimates the wavelength shift for changing refractive
index slightly. This may be in part be due to the estimates
of the refractive indices of our test solutions at 430 nm.
Whilst the bulk refractive index sensitivity is currently
lower than the sensitivities reported for optimised dye-
doped DFB lasers (≈100 nm/RIU), the improvement
in sensitivity for these lasers can be attributed to two
points: i, dye-doped lasers tend to operate at longer
wavelengths and have a longer Λ value which results in
a greater shift in wavelength for bulk sensing and ii, the
addition of a high-index TiO2 cladding layer deposited
on top of the gain layer during fabrication [5]. Our multi-
layer model suggests that a significant improvement in
bulk sensitivity would be attained if a thin, high-index
TiO2 cladding layer was deposited onto the T3 surface
and the addition of TiO2 cladding layer to our lasers is
currently being investigated. Bulk detection sensitivity is
a useful metric for comparing waveguide based refractive
index sensors. However, as this sensor is intended for
specific biomolecule detection, the response of the sensor
to interactions at the surface provides a more appropriate
measure of the sensor performance for biosensing appli-
cations.

Figure 4. Bulk refractive index measurements are plotted
alongside the theoretical wavelength shift for increasing super-
strate index.

C. Reversible biomolecule detection

In order to investigate the capability of our DFB
laser for specific biomolecule detection, a desthiobiotin-
avidin assay was performed. Desthiobiotin is a biotin
analogue with a lower binding affinity for avidin (dissoci-
ation constant (Kd)≈10−11 M) relative to that of biotin
(Kd≈10−15 M). Fig. 5 presents our results demonstrating
specific detection of avidin on a desthiobiotin function-
alized laser. Sensor functionalization was achieved by
immersion of the sensor in PPL (1 mg/mL) prepared in
10 mM PBS for 10 minutes before rinsing with PBS and a
further submersion of the laser in NHS-LC-desthiobiotin
(0.2 mg/mL) in 10 mM PBS for 20 minutes. After rinsing
with PBS, the sensor was immersed in avidin solution for
20 minutes. Avidin detection at a range of concentrations
is shown in Fig. 5a. Saturation of the desthiobiotin bind-
ing sites occured at an avidin concentration of around
0.1 mg/mL. A different DFB laser sensor was used for
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each of the avidin concentrations. The minimum “de-
tectable” shift in wavelength is defined as a shift with a
magnitude of three times the standard deviation [16]. The
standard deviation of the wavelength shift for multiple
avidin binding measurements was measured to be 0.02
nm. Therefore, limit of avidin detection was ≈2.5 µg/mL.
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Figure 5. Avidin detection results for a desthiobiotin func-
tionalized laser (a). The shift in emission wavelength relative
to a baseline PBS wavelength are shown for a PPL and
desthiobiotin functionalized sensor and exposed to repeated
avidin and biotin solutions. The dashed line represents the
predicted shift in wavelength for an avidin monolayer (b).

Due to the stronger binding affinity, binding between
biotin and avidin is inherently more efficient than that
of desthiobiotin and avidin (avidin limit of detection ≈1
µg/mL) [17]. However, the use of desthiobiotin allows
bound avidin to be released from desthiobiotin simply
by treating the laser with a biotin solution (0.2 mg/mL),
resulting in a “re-usable” sensor. The shift in wavelength
for the functionalization of the laser with PPL and
desthiobiotin and subsequent avidin binding and removal
is shown in Fig. 5b. The relative shifts in wavelength
after each exposure to avidin solution (10 µg/mL) corre-
spond to the relative shifts in wavelength after exposure
to biotin, indicating that most of the avidin bound to
the desthiobiotin functionalized sensor was released after
treatment of the laser with biotin solution and that
repeated and reproducible avidin binding was possible.
The shift in wavelength for a desthiobiotin functionalized
sensor exposed to avidin was modeled using the multi-

layer model. The dimensions of avidin are ≈4x4x6 nm
[18] therefore a layer thickness of 4 nm was assumed for
a confluent avidin layer, with a refractive index of 1.4.
Using these parameters, the model predicts a shift in
wavelength emission of 0.09 nm for an avidin monolayer,
shown in Fig. 5b, which corresponds to the experimental
shifts measured.

IV. Conclusion

Optimization of the gain layer thickness is demon-
strated using both experimental measurements and theo-
retical results from a modified waveguide model. Both the
bulk and surface sensing capabilities of a truxene-based
plastic DFB laser are also demonstrated. The wavelength
shifts upon exposure to a selection of solutions with a
range of refractive indices were measured and shown to
correlate well with theoretical results from the model.
The potential of our laser as a re-usable biosensor was
demonstrated via a desthiobiotin-avidin bioassay. Future
development of our DFB laser will focus on improvement
of both the bulk and surface sensitivity in order to facil-
itate the detection of other biomolecules such as nucleic
acids and proteins.
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