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Optic sensors of high refractive-index responsivity
and low thermal cross sensitivity that use
fiber Bragg gratings of >80° tilted structures
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For the first time to the authors’ knowledge, fiber Bragg gratings (FBGs) with >80° tilted structures have
been fabricated and characterized. Their performance in sensing temperature, strain, and the surrounding
medium’s refractive index was investigated. In comparison with normal FBGs and long-period gratings
(LPGs), >80° tilted FBGs exhibit significantly higher refractive-index responsivity and lower thermal cross
sensitivity. When the grating sensor was used to detect changes in refractive index, a responsivity as high as
340 nm/refractive-index unit near an index of 1.33 was demonstrated, which is three times higher than that
of conventional LPGs. © 2006 Optical Society of America

OCIS codes: 050.2770, 060.2310.

Optical fiber sensors based on fiber gratings, includ-
ing Bragg and long-period structures, have been ex-
tensively investigated in the past decade. The sens-
ing principle is based on the influence on the
properties of mode coupling of variations in environ-
mental parameters such as temperature, strain, and
the surrounding medium’s reflective index (SRI).
However, another type of fiber grating, the tilted fi-
ber Bragg grating (TFBG), is much less often used for
sensing. TFBGs of small tilted structures can couple
the light from core to backward-propagating core—
cladding-radiation modes. This property has been
used in the design of in-fiber spectrometers™® and
for wavelength-division multiplexing channel
monitoring® and gain flattening of erbium-doped fiber
amplifiers.” Because of their exceptional polar-
ization sensitivity, TFBGs have also been used as
in-line polarimeters,”® polarization-dependent loss
equalizers,’ and polarizers.” For these applications
the grating structures were blazed at relatively large
angles but 45° at most. To date, we are aware of no
report of fabrication of TFBGs with >45° tilted struc-
tures or their mode-coupling properties and applica-
tions. In this Letter we report the fabrication of
TFBGs with tilted angles up to 81° and our investi-
gation of their forward mode-coupling property and
responsivities to strain, temperature, and the SRI.
Light coupling in a TFBG can be well understood
by analysis of the phase-matching condition as
shown in Fig. 1. Coupling will be the strongest if the
phase-matching condition, Kp=K_ .+Kg, is satis-
fied, where Kz, K., and K, are wave vectors of the
radiated light, core mode, and grating, respectively.
In general, we may neglect the difference between
the amplitudes of Kz and K_,,. because the refractive
indices of core and cladding are close. The direction of
the coupled light (Kz) depends on the tilted angle of
the TFBG. As shown in Fig. 1(a), when the grating’s
tilted angle &is <45°, the core mode light is coupled
to the backward-propagating direction; i.e., radiation
angle 6 is an obtuse angle (>90°). When the grating
structure is tilted at §>45°, radiation angle 6 is an
acute angle (<90°), indicating that the core light can
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be coupled to the forward-propagating direction. By
taking the total internal reflection effect into consid-
eration, we note that a tilt angle range exists for
TFBGs in which the light will not be confined and
propagate in the fiber but will be coupled out from
the side of the grating. As shown in Fig. 1(c), we have
calculated this range to be 23.1°-66.9° in air (n~1)
and 11.5°—-78.5° in a water-based solution (n ~1.33).
Below and beyond this range, the light will be
coupled to backward- and forward-propagating clad-
ding modes, respectively, and confined in the fiber.
Conventionally, the forward cladding mode-coupling
regime exists only in the long-period grating (LPG)
structures, resulting in broad (typically 10—20 nm)
transmission resonances that are ultrasensitive to
external conditions. Although the sensitivity of long-
period gratings (LPGs) has been utilized for imple-
mentation of optical sensors, their extreme cross sen-
sitivity to temperature and banding limits their
performance in real applications. It would be more
interesting to compare the sensitivities of forward-
coupling TFBGs and LPGs and to identify the advan-
tages of each. Thus we fabricated TFBGs with tilted
angles of >80° and characterized their spectral re-
sponses to strain, temperature, and, especially, to re-
fractive indices of water-based solutions.
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Fig. 1. Phase-matching conditions for (a) small tilted

structures and backward-propagating coupling and (b)
large tilted structures and forward-propagating coupling.
(c) When the tilted angle satisfies ;<8< &,, radiation
mode coupling is facilitated. (d) Image of tilted fringes of an
81° TFBG.

© 2006 Optical Society of America



1194  OPTICS LETTERS / Vol. 31, No. 9 / May 1, 2006
0
-2
4 -
g .l
S -8 @ T T T T T T T T T 1
@ 1200 1300 1400 1500 1600 1700
g e
[=
g
= -12 A
184 —— equal polarization
204 R polarization 1
1 () § = polarization 2
1500 1510 1520 1530 1540 1550 1560
Wavelength (nm)
Fig. 2. (a) Series of dual-peak resonances from 1200 to

1700 nm with separation of ~7 nm appear in the transmis-
sion spectrum of an 81° TFBG. (b) The dual-peak feature is
caused by the polarization state of the input light.

The TFBGs with the >80° tilted structure were UV
inscribed in Hy-loaded standard telecom fiber by use
of a frequency-doubled Ar* laser and the scanning
mask technique. A custom-designed mask of a period
of 6.6 um was specially purchased to ensure that
grating responses were positioned in our broadband
light source from 1200 to 1700 nm. In the UV inscrip-
tion, the mask was tilted at 78° to induce tilted
fringes at 81.3° in the fiber.” Several such gratings
with large tilts were fabricated, and their fringe
structures were examined under a microscope of high
magnification. Figure 1(d) shows an image of the
tilted fringes at ~81.3° (90°—-8.67°). The spectral re-
sponses of these TFBGs were then measured by use
of the broadband light source and an optical spec-
trum analyzer. Figure 2 depicts the transmission
spectrum of an 81° TFBG, showing a set of dual-peak
resonances distributed from 1200 to 1700 nm with a
nearly even separation between adjacent resonances.
In a close examination we can see that the spacings
between the adjacent and paired modes are mode-
order dependent. They are ~60 and 7nm for the
highest- and ~40 and 4 nm for the lowest-order
modes, respectively, in the measuring wavelength
range. In comparison with conventional LPGs, which
have typical periods of several hundred micrometers,
these resonances are much narrower, giving an ad-
vantage for measurement of high resolution. It can
be seen from the spectrum that the strengths of the
dual peaks are ~3 dB, which suggests that the light
may be coupled into paired modes of two orthogonal
polarization states. We verified that this was so by
using a polarizer and a polarization controller in the
measurement system to select the polarization state.
We zoomed one of the paired peaks to ~1525 nm and
measured the polarization dependence. As shown in
Fig. 2(b), with random polarization we see two 3-dB
peaks, and, when the light is switched to either po-
larization, one of the peaks disappears while the
other grows into a strong peak of 14 dB attenuation.

The spectral separation induced by the polarization
effect between the paired peaks is ~6 nm.

To evaluate the potential of these gratings for ap-
plications in sensing, we characterized them in terms
of temperature, strain, and SRI. One of the TFBGs
was heated from 0°C to 70°C in 5°C increments in
an environmental chamber, and its transmission
spectrum was monitored in situ. Figure 3(a) plots the
wavelength shifts versus temperature for the two
paired resonances of the highest-order (close to
1700 nm) and the lowest-order (close to 1200 nm)
modes in the measurement range. The four measured
peaks all exhibit a linear thermal response character-
istic, showing temperature sensitivities of 3.3, and
3.8pm/°C and 7.5, 7.8 pm/°C, respectively, for the
two paired modes. The former values are only half of
those of the latter, indicating that the lower-order
modes have lower thermal sensitivity. By compari-
son, we see that the temperature sensitivity values of
the low-order modes of this 81° tilted TFBG are 2.5
times lower than those (typically 10 pm/°C) of FBGs
with normal or small tilted structures. This suggests
that the largely tilted TFBGs have intrinsically small
thermal cross sensitivity, which awards a significant
advantage to such grating devices, especially for
sensing applications for which the temperature effect
has to be eliminated.

We examined the refractive-index sensitivity of the
forward-propagating cladding modes of 81° tilted
TFBGs, which is of a particular interest for imple-
menting an optical biosensor. We measured SRI-
induced wavelength changes by using a set of index-
matching gels for the lowest- and highest-order
paired modes. We noted from the experiment that, as
soon as the grating was submerged in the index gel,
the paired peaks evolved into one strong peak and be-
came polarization independent. The results are plot-
ted in Fig. 3(b) and show clearly that, when the SRI
changes from 1.3 to 1.4, the wavelength shift reaches
almost 15nm for the peak close to 1200 nm but
30 nm for the peak near 1700 nm. This indicates that
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Fig. 3. (a) Wavelength shift versus temperature of the 81°

TFBG, showing a linear temperature response with a sig-
nificantly lower thermal coefficient. (b) SRI-induced wave-
length shifts in the index range from 1.3 to 1.4 for peaks at
the shorter- and longer-wavelength sides, respectively.



the SRI sensitivity of the excessively tilted TFBGs is
also mode-order dependent: The lower-order mode
has lower SRI sensitivity, and the sensitivity in-
creases more dramatically for the high-order mode
with increasing SRI. We estimate that the average
index sensitivity of the peak at the longer-
wavelength side is ~340 nm/refractive-index unit
near 1.33, which is six times higher than that of con-
ventional LPGs, such as reported in Refs. 9 and 10.
With a standard optical interrogation system of
0.1 nm resolution, this TFBG can be used to detect
changes as small as 3 X 107* in the SRI. Although we
did not carry out the measurement further to n
>1.4, from the trends we can see that the resolution
and sensitivity should be even higher in this region.

We also carried out an experiment to examine the
strain responses of this >80° TFBG. The grating fi-
ber was mounted on two metal block holders, one of
which was fitted with a micrometer driver. We ap-
plied a strain of 0—2000 we to the grating by stretch-
ing the fiber, and the wavelength shifts for all the
peaks were recorded. Figure 4(a) plots the wave-
length shift versus strain for one of the highest-order
dual peaks, near 1680 nm. The plot exhibits a linear
relation, giving a strain coefficient of 1.8 pm/pue,
which is slightly higher in value than that
(1.0 pm/ e at ~1550 nm) of typical fiber Bragg grat-
ings (FBGs) of normal structures. However, the coef-
ficient is negative; i.e., the resonant peak moves to
the shorter-wavelength side when the strain is in-
creasing. This is contrary to the behavior of normal
FBGs but in agreement with LPGs of relatively small
periods.? Figure 4(b) plots the strain coefficient ver-
sus the peak number for eleven paired peaks in the
monitoring range. We see that the peaks at the
longer-wavelength side have larger values than those
at the shorter-wavelength side, and one set of the po-
larized modes has higher strain coefficients than the
other set.

From the results presented above, we can see that
the >45° tilted TFBGs exhibit markedly different
temperature, strain, and SRI sensitivity characteris-
tics from the fiber Bragg gratings of normal and <45°
tilted structures and conventional LPGs. However,
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Fig. 4. (Color online) Strain responses of the 81° TFBG:

(a) linear and negative strain response for a peak at the
shorter-wavelength side and (b) the wavelength shift
caused by strain depends on mode order and polarization.

May 1, 2006 / Vol. 31, No. 9 / OPTICS LETTERS 1195
they have shown similar responses, such as negative
strain coefficients and high SRI sensitivity, to the
LPGs of small periods (<100 um). This is not sur-
prising, as the TFBGs are forward-mode-coupling de-
vices. Given a phase mask period of 6.6 um and fab-
rication tilt angle 78°, we can calculate the grating
period along the fiber axis as ~32 um. Thus these
forward-coupling TFBGs in fact can be regarded as
long-period gratings with much smaller period sizes
that are capable of coupling light from the core to the
high-order cladding modes with much closer mode
separations, as shown in Fig. 2(a). However, the
excessive-tilting structure contributes some unique
effects e.g., a pronounced polarization effect, to the
grating response. The largely tilted fringes obviously
induce significant birefringence in the fiber, resulting
in dual-peak resonances that correspond to the two
orthogonal polarization states, as has been experi-
mentally verified [Fig. 2(b)].

In conclusion, FBGs with >80° tilted structures
have been fabricated and characterized. The optical
responses of such gratings show forward-propagating
operation and strong polarization dependence. Their
responses to temperature, strain, and SRI have been
evaluated, demonstrating a significantly lower ther-
mal and higher strain and SRI sensitivities than nor-
mal or more slightly tilted FBGs and conventional
LPGs. The intrinsically low thermal cross sensitivity
and narrow spectral responses of such TFBGs are
particularly attractive as optical sensors, which re-
quire low thermal cross sensitivity and high resolu-
tion measurement. In particular, their remarkably
enhanced SRI sensitivity near 1.33 will be of interest
for implementation of optical biosensors and applica-
tions.

K. Zhou’s e-mail address is k.zhou@osa.org.
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