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Detection Limit of Etched Fiber
Bragg Grating Sensors
B. Nanjunda Shivananju, M. Renilkumar, Gurusiddappa R. Prashanth, Sundararajan Asokan, and Manoj M. Varma

Abstract—While Fiber Bragg Grating (FBG) sensors have been
extensively used for temperature and strain sensing, clad etched
FBGs (EFBGs) have only recently been explored for refractive
index sensing. Prior literature in EFBG based refractive index
sensing predominantly deals with bulk refractometry only, where
the Bragg wavelength shift of the sensor as a function of the bulk
refractive index of the sample can be analytically modeled, unlike
the situation for adsorption of molecular thin films on the sensor
surface. We used a finite element model to calculate the Bragg
wavelength change as a function of thickness and refractive index
of the adsorbing molecular layer and compared the model with
the real-time, in-situ measurement of electrostatic layer-by-layer
(LbL) assembly of weak polyelectrolytes on the silica surface of
EFBGs. We then used this model to calculate the layer thickness
of LbL films and found them to be in agreement with literature.
Further, we used this model to arrive at a realistic estimate of the
limit of detection of EFBG sensors based on nominal measurement
noise levels in current FBG interrogation systems and found that
sufficiently thinned EFBGs can provide a competitive platform for
real-time measurement of molecular interactions while simultaneously leveraging the high multiplexing capabilities of fiber optics.
Index Terms—Etched fiber Bragg grating, layer by layer assembly, limit of detection, weak polyelectrolytes.

I. INTRODUCTION

F

IBER based approaches for sensing are very attractive
from the points of view of highly multiplexed detection
with low cross-talk, ready availability of a large number of components from the mass produced fiber optic communication industry, compact footprint, and relatively few fabrication steps
related to sensor development as the fiber itself acts as the sensor
[1]. In the context of fiber sensors, the development of Fiber
Bragg Gratings (FBGs) inscribed on photosensitive silica has
been advantageous due to the extreme sensitivity of the resonantly reflected Bragg wavelength on the FBG parameters.
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Mathematically, the Bragg wavelength
is related to the FBG
parameters by the well known relation [2], [3].
(1)
Here,
is the effective refractive index of the optical
mode propagating inside the grating inscribed optical fiber, and
is the grating pitch. FBG sensors have been extensively used
for strain and temperature sensing where the grating pitch, , is
modified by these variables leading to a shift in the Bragg wavelength [4], [5]. Due to the absence of interaction of the guided
optical mode with ambient environment, unmodified FBG sensors are not sensitive to surrounding refractive index (SRI). In
order to make the FBGs respond to changes in SRI, one can
etch the clad region as demonstrated by various groups [6]–[9]
or use microfiber Bragg grating sensors [10]–[12] or by using
cladding modes in long-period gratings [13], [14] which interact
with surrounding medium. Etched FBGs (EFBGs) with single
or few propagating modes in the core, provide a simpler output
signal for spectral peak detection compared to LPGs which usually have several modes in the operating spectral band [15],
[16]. Although several groups have demonstrated measurement
of bulk refractive index changes, relatively few have focused
on measuring surface adsorption processes using EFBGs [17],
[18]. Among them Saini et al. have done pioneering work not
only in the measurement of surface adsorption phenomena of
charged polymers and DNA [19], but also proposed clever designs permitting the simultaneous measurement of refractive
index, strain and temperature [20]. However, there has been no
report of a carefully modeled system, where experimentally observed signals from EFBG sensors have been compared with
an analytical or numerical model to quantitatively analyze the
sensor data and to estimate the limits of performance based on
such a validated model. We used a model system, namely, the
electrostatic layer by layer (LbL) assembly of polyelectrolyte
multilayers (PEMs) in conjunction with numerical finite element modeling of the optical propagation in EFBGs to quantitatively study the LbL molecular surface adsorption process
using EFBGs. Such a quantitatively rigorous study has so far
been lacking in the limited literature dealing with measurement
of surface adsorption with EFBGs. We measured LbL of weak
polyelectrolyte systems at two different pH values and showed
that the assembly process is non-linear and pH dependent as
reported in previous literature [21]–[24]. Using the numerical
model we could rigorously verify that the non-linear growth
measured by the EFBG sensors is not an artifact related to the
measurement technique but an accurate reflection of the actual non-linear growth regime of these polymers. The numerical model was then used to determine the theoretical limits of
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detection with EFBGs with typical experimental noise figures
encountered in current FBG interrogation systems. The sensitivity of EFBGs increases with decreasing fiber radius. Based
on our theoretical estimates, EFBGs etched below 2 microns in
diameter can achieve similar detection limits reported for currently dominant techniques for real-time monitoring of molecular interactions such as Surface Plasmon Resonance (SPR). In
addition to this competitive limit of detection, fiber based sensors have an additional advantage of high multiplexing capability as mentioned before. Surpassing the limits of detection
reported for SPR using EFBG sensors is limited by the challenges of maintaining mechanical robustness in ultra-thin fibers.
In this context, techniques such as simultaneous measurement
of strain and surface adsorption as described by Saini et al. [20],
[25], may enable the compensation of mechanical distortions of
ultra-thin fibers enabling robust measurement of molecular signals. Also, cleverly designed packaging and fluid handling systems may enable the use of high fidelity ultra-thin fiber sensors.
In the rest of the paper, we describe the details of our experiment
and numerical modeling along with the results and discussion.
II. EXPERIMENTAL METHODS
A. FBG Sensor Fabrication and Measurement System
The FBG sensors were fabricated on photosensitive fiber
with refractive index of
SM1500 with core diameter 4.2
1.4749, and cladding diameter 80
with refractive index
1.4440, obtained from Fibercore Inc., USA [26]. We inscribed
gratings on the photosensitive core of this fiber using the phase
mask technique [27] by irradiating the photosensitive core with
a 3 mJ pulses with repetition rate of 200 Hz from a 248 nm
KrF excimer laser beam passing through a phase mask with an
approximate pitch of 1064 nm, which produced an interference
pattern creating a photo-induced refractive index modulation
in the core forming the fiber Bragg grating. The gratings were
inscribed over a length of about 3 mm. The magnitude of
the photo-induced periodic modulation of refractive index
inside the core is generally of the order of
. The grating
periodicity produced with this phase mask was approximately
532 nm giving a baseline Bragg wavelength around 1550 nm.
We then etched the cladding of the FBG sensor by dipping the
fiber in an aqueous solution of HF at 40% concentration. As the
fiber clad is thinned, the Bragg wavelength shifts due to change
in the effective refractive index of the propagating mode. This
shift is a function of the fiber radius. To determine the etch
stop time, we continuously monitored the Bragg wavelength
from the FBG sensor being etched using an FBG interrogator
system, to be described in detail later, and stopped the etching
process when the shift in Bragg wavelength was 3 nm below the
starting value. As the sensitivity of the FBG sensor is strongly
dependent on the clad/core thickness, we used this procedure to
standardize the fabrication of all our FBG sensors for the sake
of uniformity. The diameter of the etched fibers was measured
using a Scanning Electron Microscope (SEM) (ULTRA 55,
Carl Zeiss Microscopy).
The shift of the Bragg wavelength was monitored during
etching and also for the experiments described in this article
using a commercial FBG interrogator system (Model SM130

from Micron Optics Inc., USA), which essentially consists of
a 10 mW light source centered around 1550 nm with a 40 nm
bandwidth and a high resolution optical spectrum analyzer
capable of measuring the output from 4 different fibers and up
to 50 multiplexed FBG sensors on each fiber. The resolution of
this system is 1 pm (picometer) at a sampling rate of 1 kHz and
can be improved further by averaging.
B. Polyelectrolyte LbL @ pH 5.5 and pH 7
Cationic Poly(Allylamine Hydrochloride), PAH with average
mol. wt. 15 kDa and Anionic Poly(Acrylic acid), PAA with
average mol. wt. 200 kDa were obtained from Sigma Aldrich.
All polyelectrolytes were used as received without any further
purification. Polyelectrolyte solutions of
(based on the
repeat unit molecular weight) were made from 18
DI water.
The ionic strength of the polymer solutions was adjusted to 0.01
M NaCl and pH was adjusted to 5.5 or 7 with either 0.1 M
HCL or 0.1 M NaOH. Polyelectrolyte deposition process involves the immersion of the EFBG into solutions of polyanions
and polycations, prepared as described above in alternating sequence with a DI water rinse in between. The EFBG was bonded
to the substrate using adhesive. The EFBG bonded substrate on
a custom made holder was first dipped into the 80 ml polycation solution of PAH in a 100 ml beaker for 20 min, followed
by dipping the EFBG in DI water for 5 min to remove loosely
bound molecules. The EFBG was then immersed into the 80 ml
polyanion solution of PAA in a 100 ml beaker for 20 min to adsorb a layer of PAA molecules onto the EFBG followed by the
DI water rinse as described before. This process was repeated to
obtain the described number of bilayers. The Bragg wavelength
during the entire LbL assembly process was continuously monitored using the FBG interrogator system at a sampling rate of
1 Hz. An un-etched FBG sensor was used as a reference for
any temperature fluctuation during the experiment. However,
we found no evidence of temperature induced changes in our
data.
C. Numerical Modeling of Surface Adsorption Sensing With
EFBGs
Although an analytical model for fibers with finite clad thickness was presented by [28], it is only suitable to model bulk
refractometry using EFBGs and not for modeling the effect of
surface adsorption because surface adsorption creates an additional layer on top of the clad. Therefore, we created a numerical model using the RF module of the commercially available
finite element solver package COMSOL. Maxwell equation was
solved for the configuration shown in Fig. 2 to obtain the effective refractive index of the mode propagating in the core region.
The fiber parameters were taken from manufacturers specifications as described in Section II-A. The operating wavelength
was taken as 1550 nm.
The exterior boundary of the model was set as a perfect electric conductor (PEC condition). We placed the boundary sufficiently far enough (
fiber radius) such that there was no
effect of the boundary location on the calculated effective mode
index. This is necessary to ensure that undesirable reflections
are not corrupting the numerical analysis. To model the etching
process we simply calculated the mode index
, as a function
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Fig. 1. Schematic of real-time monitoring of LbL assembly of polyelectrolytes
using EFBG sensors.

Fig. 3. Comparison of the FEM numerical model with experimentally observed
Bragg wavelength shift of EFBGs as a function of fiber diameter measured using
Scanning Electron Microscope (SEM).

Fig. 2. Cross-sectional view of the FEM model constructed using COMSOL
package to calculate the effective index change due to surface adsorption.

of the clad thickness and used (1) to convert these changes in
terms of Bragg wavelength shifts. To model the molecular surface adsorption, we added another layer on top of the cladding
with refractive index taken to be 1.52 based on previous literature on PAA and PAH [29]. The thickness of the adsorbed
polymer layer was varied from 0 to 100 nm in increments of
10 nm. This calculation was repeated for different values of the
refractive index of the outer medium, ranging from 1.33 to 1.41
in increments of 0.02. The model gave us the predicted sensitivity of the EFBG sensor as a function of the fiber radius, outer
medium refractive index and other parameters. We used normalized signal changes,
, to compare the model with experimental data.
III. RESULTS AND DISCUSSION
We first used COMSOL to numerically calculate the mode
index
and from it, the Bragg wavelength based on (1), as
a function of fiber radius.
When the clad of the FBG is etched beyond a threshold clad
diameter, the effective index starts getting modulated due to the
outer medium leading to a shift in the Bragg wavelength. This
gives rise to a relationship between the fiber diameter and the
Bragg wavelength shift arising from the etching process.
We used the model to calculate the Bragg wavelength shift
expected as a function of the fiber diameter and compared this
numerical data to the experimental data, which was obtained
by measuring the diameter of fibers etched to a particular
Bragg wavelength shift, say 2 nm, using Scanning Electron

Fig. 4. a) Bragg wavelength shift due to surface adsorption calculated using the
FEM model, showing a good linear behavior. Fig. 4 b) shows that sensitivity of
the EFBG sensor increases faster than linearly with decreasing fiber diameter.

Microscope as described in Section II-A. As shown in Fig. 3(a),
there is a good agreement between the experimental results and
the numerical model, indicating the integrity of this model. In
the numerical model, the refractive index of the surrounding
medium was taken as 1.33 [7].
We then used the model to calculate the expected change due
to surface adsorption on EFBG sensors as a function of adsorbed
layer thickness. As mentioned before, we used a refractive index
of 1.52 for the polyelectrolyte layer based on previous reports
[29]. From Fig. 4(a), we see that there is very good linearity
in the Bragg wavelength shift as a function of adsorbed layer
thickness. A high degree of linearity is a desirable aspect of any
sensor and in this respect EFBGs performed well. More importantly, from Fig. 4(a) and 4(b), we see that the sensitivity of the
EFBG, namely the slope of the adsorption curve, increases with
decreasing fiber diameter. This is because a thinner fiber effectively has more interaction with the outer medium than a thicker
fiber. The slope of the adsorption curve, which we call as surface
adsorption sensitivity,
, is plotted in Fig. 4(b) as a function
of fiber radius for two different outer medium indices.
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Fig. 5. LbL assembly of weak polyelectrolytes (PAH/PAA) measured in realtime with EFBG sensors. Fig. 5(a) is the real-time data and Fig. 5(b) shows
the layer buildup with odd layer numbers corresponding to PAH and even layer
numbers corresponding to PAA.

We see that sensitivity is slightly higher for lower medium
index because of increased refractive index contrast. Most importantly, we see that the sensitivity scales faster than linearly
with decreasing fiber diameter. Therefore very high sensitivities are possible by etching the FBG to smaller and smaller
diameters.
The model yields a predicted value of surface adsorption sensitivity
, which was used to convert the experimental data to
a thickness value, , using,
(2)
depends on the fiber diameter and outer
The value of
medium index, and can be used to normalize experiments conducted under varying conditions of these parameters.
In order to use this model to quantitatively analyze surface
adsorption process, layer-by-layer (LbL) assembly of the weak
polyelectrolytes PAH and PAA on the EFBG surface at pH 5.5
and pH 7 was monitored by measuring shift in the Bragg wavelength during adsorption. Fig. 5(a) shows the Bragg wavelength
shift measured in real-time and 5(b) shows the layer growth as
a function of number of bi-layers. The experimental data presented in Fig. 5 is the result of averaging 4 separate experiments
for each pH, done on different EFBG sensors. Cationic polyelectrolyte PAH and anionic polyelectrolyte PAA were used for
the polyelectrolyte multilayer assembly with a DI water rinse
step between alternatively charged polymers. As a result, a multilayer thin film is built by consecutive adsorption of poly-anions and poly-cations onto the EFBG surface driven by electrostatic forces. To ensure direct comparison between the LbL
depositions at pH 5.5 and pH 7, which were done on separate
EFBG sensors, we ensured that both sensors were etched down
to a diameter giving a 3 nm shift in the Bragg wavelength after
etching, corresponding to a fiber diameter of about 4.5
.
From Fig. 5, we notice that pH 5.5 deposited multilayers
exhibit a higher Bragg wavelength shift indicating the deposition of a thicker layer based on the model calculations shown
in Fig. 4. Further we notice that the growth as a function of
number of layers is not linear. Indeed these effects have been observed in the polyelectrolyte LbL literature even using non-optical measurement techniques such as Quartz Crystal Microbalance (QCM). The layer by layer assembly of weak polyelectrolytes is highly sensitive to the pH of the poly-ion dipping so-

lutions [21]–[24]. It is known that for the weak polyelectrolyte
system PAH/PAA used in this work, deposition at pH 5.5 results in thicker layers per bilayer, than the ones deposited at
pH 7. This is because the polyelectrolytes are only partially
charged at pH 5.5 leading to a more “loopy” conformation of
polymer chains leading to thicker layers, while at pH 7, the
polyelectrolytes are fully charged leading to a relatively straight
chain conformation on the surface leading to thinner layers [22].
Moreover previous studies of the layer growth process using
Quartz Crystal Microbalance have reported non-linear (exponential) growth for the PAH/PAA polyelectrolyte system used in
our experiment [22], [23]. From these observations and results
from the FEM model, we can conclude that the EFBG is indeed
operating in the linear regime and the non-linear behavior observed experimentally is in fact related to the polymer assembly
mechanics.
To quantitatively analyze the layer growth behavior, we converted the experimental Bragg shifts to a thickness value using
(2). Previous reports of pH dependent growth of the PAH/PAA
polyelectrolyte system using ellipsometry indicates an average
thickness of 7 nm per bilayer for deposition at pH 5.5 and about
1 nm per bilayer for deposition at pH 7 [21]. The thicknesses extracted using our model indicate an average of 7 nm per bilayer
for the pH 5.5 deposition and about 3.5 nm per bilayer for the pH
7 deposition. In this context, two important observations must
be noted. Firstly, we are measuring the thicknesses of polyelectrolyte multilayers in solution while [21] reports measurements
in air.
Polyelectrolyte multilayer thickness measurements in solution have never been reported before for direct comparison with
existing literature. In solution, due to hydration the polymers are
expected to swell to a certain extent [30]. Secondly, the molecular weight of PAH used in our experiment, namely,
compared
used in [21] could also significantly affect the multilayer growth dynamics. Within these
uncertainties, the thicknesses extracted using our model appears
reasonably within the expectations of a few nm per bilayer.
We then used two non-linear growth models to study the polyelectrolyte assembly as a function of layer numbers. Namely, an
exponential [23] and a quadratic layer growth models were used
to fit the thickness data as a function of layer number according
to the equations,
(3a)
(3b)
In these equations, n is the layer number while A, B and C
are fit parameters. The quadratic growth model has a single fit
parameter while the exponential growth model has two. From
Fig. 6, we see that both models fit the experimental data quite
nicely. It is also interesting to observe that the exponential factor
B, in (3a), is the same for LbL assembly at pH 5.5 as well as pH
7, perhaps pointing to some universal mechanism in the LbL
process.
To further consolidate the integrity of our model, we performed a different experiment where 3 sensors with different
fiber diameters were used to simultaneously measure the LbL
assembly of PAH/PAA system deposited at pH 5.5. The 3 sen-
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ment. We wanted to benchmark the performance on EFBG
sensors vis-à-vis dominant optical techniques such as Surface
Plasmon Resonance (SPR) [31]. If
is the noise level and
is the surface adsorption sensitivity the lowest thickness
detectable is with a
margin, for a baseline operating wavelength of
is given by,
(4)

Fig. 6. Layer growth behavior of PAH/PAA LbL assembly modeled using an
exponential, 6(a), and a quadratic, 6(b), growth equation as a function of layer
number.

The typical resolution of commercial off-the shelf FBG interrogators is about 1 pm [32], without averaging. Using this
value for and value of
calculated from the model, one can
estimate the minimum detectable thickness for EFBGs. However, the LoD of optical detection techniques, such as SPR, is
often given in terms of minimum detectable refractive index
units (RIU) [31]. Therefore we need to convert the minimum
thickness given by (4) into an equivalent change in refractive
index, which we do in the following manner. The field outside
the fiber decays exponentially with a 1/e length of , as shown
in Fig. 7. The effective index of the medium outside the clad
region can then be written as,

(5)
Fig. 7. Measurement of LbL assembly of PAH/PAA system at a deposition pH
of 5.5 using 3 EFBG sensors with different fiber diameters, and consequently
different surface adsorption sensitivities. The data can be fitted nicely using the
adsorption model given by (3a) by varying only the fiber diameter as a parameter
in the numerical model.

Taking
to

from
, we obtain,

to

, and

from
(6)

sors were fabricated by etching the FBG fibers and stopping the
etching process at wavelength shifts of 2 nm, 3 nm and 6 nm
respectively from their baseline Bragg wavelengths. The diameter of the fiber was then estimated using our model calculations shown in Fig. 3. As all 3 sensors are measuring the same
phenomena, the thickness of the adsorbed layer would be the
same on all 3 of them. However, as their sensitivities are substantially different due to the difference in diameter, we would
see a family of curves from these sensors, as shown in Fig. 7.
The family of curves appears solely due to the sensitivity difference between sensors and therefore we should be able to fit
the data from the 3 sensors by varying only the fiber diameter,
which affects the sensitivity and choosing the exponential layer
growth model of (3a).
When we did this, we were able to fit the data from the 3 different sensors by varying only the fiber diameter as the parameter which conclusively demonstrated the integrity of our FEM
model. Simultaneously using 3 different sensors etched to different diameters. The diameters were estimated using the FEM
model based on the Bragg wavelength shift during etching and
the fits were calculated using the FEM model by varying only
the fiber diameter for each sensor. The good fit obtained simultaneously for all 3 sensors indicate the integrity of the FEM model.
IV. LIMIT OF DETECTION (LoD) OF EFBG SENSORS
The primary purpose of this work was to obtain a realistic
and experimentally validated estimate of the limit of detection
(LoD) of the EFBG sensors for surface adsorption measure-

Considering a small change in adsorbed layer thickness,
, the equivalent effective index change due to this
incremental adsorption from (6) is,
(7)
Using, (7), one can convert the minimum detectable thickness,
, calculated using (4) into a minimum detectable refractive index change
. This figure can then be compared
against the limit of detection, quoted in RIU, for other optical
techniques. We used the numerical model to calculate the estimated LoD for EFBGs using (4) and (7) and compared it against
the LoD for SPR measurements reported in literature. There
have been various SPR detection modalities that have been proposed in literature based on spectral scanning, angular scanning,
phase measurements etc. These are summarized in a recent review of SPR sensing [31]. The LoD reported in [31] ranges from
about
to about
for the various SPR modalities. Using
the model, we calculated the LoD for EFBGs as a function of
the fiber diameter. The parameters assumed for calculation was
the detection of a layer with refractive index of 1.5, in a medium
of refractive index 1.33, with baseline FBG wavelength of 1550
nm and other FBG parameters as reported in Section II-A. The
comparison between LoDs of SPR and EFBG detection are presented in Fig. 8.
We see that the LoD decreases with decreasing fiber diameter
as mentioned before. Furthermore, the LoD of EFBGs becomes
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Fig. 8. Comparison of LoD of EFBGs with those reported in literature [28] for
SPR. EFBGs attain competitive performance when etched below 2 microns.

competitive to SPR techniques when the fiber is etched down
to below 2 microns or so. At this level, mechanical integrity of
the fiber is expected to be the limiting factor in the performance
of EFBG sensors. In deriving this LoD we do not consider the
effect of the polymer layer itself as it is too thin relative to the
fiber diameter and will also be a constant parameter for a given
sensor in a practical situation.
However, we believe that with appropriate packaging and integrated fluid handling systems, it is possible to exploit the LoD
scaling of EFBG fibers etched down to sub-micron levels thus
providing competitive performance to SPR techniques. Additionally the inherent multiplexing abilities of fiber optical techniques are expected to be a major advantage for the creation of
arrayed sensors for biomedical applications.
V. CONCLUSIONS
In summary, we used an FEM model to quantitatively analyze surface adsorption on etched FBG sensors using the widely
studied phenomena of electrostatic layer by layer assembly of
polyelectrolyte molecules. We found the results of the numerical model to be in reasonable agreement with previous studies
of polyelectrolyte assembly. We used this numerical model to
obtain a realistic estimate of EFBG limit of detection as a function of fiber radius and observed that EFBGs can offer competitive performance to currently dominant optical techniques
such as SPR when the fiber is etched down to 2 microns or
below. In order to take advantage of the LoD scaling observed
with fiber diameter, design of novel methods for packaging the
thinned EFBG sensor to provide good mechanical robustness is
essential.
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