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Highly sensitive fiber Bragg grating refractive index sensors
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We combine fiber Bragg grating-BG) technology with a wet chemical etch-erosion procedure and
demonstrate two types of refractive index sensors using single-mode optical fibers. The first index
sensor device is an etch-eroded single FBG with a radius @3 which is used to measure the
indices of four different liquids. The second index sensor device is an etch-eroded fiber Fabry-Pérot
interferometenFFP)) with a radius of~1.5 um and is used to measure the refractive indices of
isopropyl alcohol solutions of different concentrations. Due to its narrower resonance spectral
feature, the FFPI sensor has a higher sensitivity than the FBG sensor and can detect an index
variation of 1.4x 10°°. Since we can measure the reflection signal, these two types of sensors can
be fabricated at the end of a fiber and used as point sens®80® American Institute of Physics
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Since the early 1990s, fiber Bragg gratif®BG) sensors Fig. 1(a) shows the schematic of the FBG sensor and the
have been intensively developed due to their many desirableFPI sensor. For a FBG sensor, the center wavelength of the
advantages such as the small size, absolute measurement tgflection bandjg, is given by
pability, immunity to electromagnetic interference, wave-
length multiplexing, and distributed sensing possibilifies. Ng =2 Neg, (1)
Thus far, the FBG sensors’ capability to measure physicalyhereA is the period of the Bragg grating determined by the
quantities such as the temperature, strain, pressure, etc., hgsase mask, andy; is the effective modal refractive index.
been studied extensively’ However, the use of FBG sen- The index of the ambient materiaf, .,y can be deter-
sors for detection of environmental refractive index changenined from the Bragg wavelengtty, given the core index
has not been fully explored. Refractive index sensing is imn., and the radius of the etched fibe%
portant for biological and chemical applications since a num-  For the etch-eroded FFPI formed by two FBGs, we as-
ber of substances can be detected through measurementssoime that the effective cavity length is a constant, and
the refractive index-*®For normal FBGs, removal of the that the wavelength of a resonance maxjg, must satisfy’
fiber cladding is required to increase the evanescent field
interaction with the surrounding environment. This concept MAR/2 =Netilpp, (2)

has been demonstrated using D-shaped fiber and sid@herem is the modal number. Whem,icis changed, the

polished fibef****?In both cases, the strength and durability effective index is shifted byAny; and the resonance wave-
of the sensor were greatly reduced. Special fiber was also

needed, which would raise the costs and limit the possible
applications. Long-period fiber gratings have also been dem- (a) |i\1

onstrated to have high sensitivity to the refractive index of :‘IﬂIﬂﬂIﬂmnc

the ambient media>***however, their multiple resonance

. o FBG sensor
peaks and broagypically tens of nanometersransmission
resonance features limit the measurement accuracy and their i Lee ;
multiplexing capabilitie§. In addition, the relatively long ' '
length of the grating limits their application as point sensor |—aLe |
devices.
FFPI sensor

In this letter, we first demonstrate a single etch-eroded
FBG sensor using standard single-mode telecommunication
fiber (Corning SMF-28. Fiber Fabry-Pérot interferometers
(FFPIS have also been widely used as sen$oré:*’ Com-
pared to a single FBG, the FFPI sensors possess narrower
resonance peaks and are more desirable for high accuracy
wavelength measurement:>*8To that end we propose and
demonstrate an etch-eroded FFPI sensor formed by two
FBGs. The FFPI sensor is used to measure the refractive
index of isopropyl alcohollPA) solutions of different con-
centrations, exhibiting the capability of detecting very small
index variations of the ambient medium.
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FIG. 1. (a) Schematic of a single fiber Bragg gratifigBG) sensor and a
dauthor to whom correspondence should be addressed; electronic maifiber Fabry-Pérot interferometéfFPI) sensor(b) Scanning electron micro-
yanyi@caltech.edu scope(SEM) image of an etch-eroded fiber.
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FIG. 3. (a) (Color online Reflection spectra of the resonance mode of a
fiber Fabry-Pérot interferometéFFPl) sensor in isopropyl alcohdlPA)
solution with different concentrationgb) The resonance wavelength as a
function of the mole ratio of IPA solution. The circles are resonance wave-
1 1.1 12 1.3 1.4 lengths extracted frona), the numerical fitting is obtained using E@®)
Refractive index of ambient material with parametersi,,=1.454,a=1.475m anda=0.9.
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FIG. 2. (a) (Color online Reflection spectra of an etch-eroded single fiber
Bragg grating(FBG) sensor immersed in different liquidé) The Bragg shown in Fig. ?b) and fit to Eq.(l) with A (524.58 mm Neo

center wavelength as a function of the refractive index of ambient material . . . .
The markers are Bragg center wavelengths extracted fepnthe fitting (1'454’ nambiemand an appropriate choice of the fiber radius

curve is calculated using Eql) with parametersn,=1.454 anda @ The effective modal indexg in Eq. (1) is obtained by
=2.975um. numerically solving the HE modal equation of a step-index
cylindrical wavegwdé The fitting parametea=2.975um

length of themth mode is shifted byA\g. From Eq.(2), we agrees well with the measured value of g8 as shown in

: . 1(b).
can derive The FFPI sensor is formed by two FBGs written on a
ANgAR= @ - AnglNeg, 3) hydrogen-loaded Corning SMF-28 fiber. The distance be-

tween the two FBGs is chosen to b& mm so that there are
wherea is the fraction of the optical length of the FFPI that |ess than three resonance modes in the band gap of the FBG.
is etch erodedsee Fig. 1a)]. To eliminate the influence of the ambient media on the FBG
In our experiment, the FBG is written in a hydrogen- band gap in the measurements, we mask the fiber to selec-
loaded Corning SMF-28 fiber using a KrF excimer la@#8 tively etch the region between the two gratings without af-
nm) and an amplitude phase magk=524.58 nm. The fecting the gratings.
length of the FBG is 2.5 mm. The wet-chemical etching  Compared to the FBG sensor, the FFPI sensor should
setup is similar to the one shown in Ref. 20. We first etch thénhave a higher refractive index resolution due to its sharper
fiber with a 52% hydrofluori¢HF) acid solution for 30 min  resonance feature. To demonstrate this, we use it to detect the
to a fiber diameter below 1mm. Since the etching speed of variation of the refractive indices of IPA-water solutions with
the Ge-doped core is faster than that of the silica cladtfing, different IPA concentrations, which allows arbitrarily small
the etching solution is then replaced with a 13% HF solutionchanges of index. Figure(® shows the redshift of a reso-
to slow down the etching process. The diameter of the finahance mode due to the increase of the concentration of the
etch-eroded flber is controlled by monitoring the transmis-4PA-water solution. In Fig. @) we plot the resonance wave-
sion lossin situ.? F|gure Xb) shows a scanning electron length as a function of the mole ratio of the IPA in solution.
microscope(SEM) image of an etch-eroded fiber, which has The refractive indices of the IPA solution shown in Figh)3
a very uniform thickness. are estimated based on the mole ratio of each component,
We then put the FBG sensor in different liquids and meai.e., nyppiencl k- Neopt+(1-x) 02 J¥2%%  where  Nyaer
sure the reflection spectra by scanning the wavelength using1.333 is the refractive index of watemp, is the refractive
a tunable lasefAgilent 8164A). The reflection spectra for index of pure IPA, andk is the mole ratio of IPA in the
the FBG sensor in aifn=1.00, methanol(n=1.326, etha-  solution. The effective modal indem can then be calcu—
nol (n=1.359, and isopropyl alcoho(IPA) (n=1.378 are lated based oMympien Neo (1.454, and the fiber radius.™®
shown in Fig. 2a). As expected, the reflection spectrum red- We fit the resonance wavelengths to E2).as shown in Fig.
shifts as the ambient refractive index increases. The Bragg8(b), where the parameters ane=0.9 (based on the sensor

wavelength as a function of the ambient refractive index isgeometry, \g=1519.868 nmn.z=1.42021 (based on the
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first experimental point anda=1.475um. The fiber radius applied to many fields, including biochemical sensing and
used in the fit agrees well with the measured radius otnvironmental monitoring.
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