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Tilted Fiber Bragg Grating Inscription in Boron
Co-Doped Photosensitive Optical Fiber Using

266 nm Solid State Laser Pulses
Xuehao Hu , Yingying Liu, Jie Jiang, Wenwei Lin, Hang Qu , and Christophe Caucheteur

Abstract—In the last decade, tilted fiber Bragg grat-
ings (TFBGs) have received a lot of research attention due to
their unique ability for detection of bending and surrounding
refractive index (SRI). Meanwhile, fabrication of TFBGs nor-
mally requires fiber pre-hydrogenation and expensive laser
systems, such as excimer laser at 193 nm or femtosecond
lasers. In this work, we report the first TFBG inscriptions in
Boron co-doping fibers (PS1250/1500, FIBERCORE) using low
cost 266 nm solid state pulsed laser and scanning phase
mask lithography technique. By using this inscription set-
up, gratings with tilt angles from 2◦ to 10◦ are fabricated.
Influences (pulse repetition rate and scanning speed) on the
grating quality and spectral performances are discussed.
Furthermore, evolution of spectra during the inscription of the
10◦ TFBG is illustrated showing uniform growths of both the
core and cladding modes. In addition to the TFBG fabrication,
temperature, bending and SRI measurement are conducted.
Because the core mode is restricted to propagate in the
fiber core, TFBGs could automatically provide temperature
compensation. The ease of TFBG fabrication and the capability of intrinsic temperature self-compensation pave the way
to their potentially promising applications in curvature and refractometric measurement.

Index Terms— Boron co-doping fiber, tilted fiber Bragg grating, phase mask, solid state laser.

I. INTRODUCTION

NOWADAYS, fiber Bragg gratings (FBGs) constitute
important components in a variety of fiber-optic sensing

systems for detection of e.g., temperature and strain. Advan-
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tages of fiber-optic sensors include compactness, immunity
to EM interferences, resistance to corrosion, fast response
and capacity of multi-parameter and quasi-distributed sens-
ing [1]–[3]. Though FBGs are normally fabricated in silica
optical fibers, they are also inscribed in polymer optical
fibers (POFs) for sensing applications [4], [5]. Compared to
traditional FBGs, long period fiber gratings (LPFGs) [6]–[8]
and tilted fiber Bragg gratings (TFBGs) [9] are considered
more advantageous for detection of bending and surrounding
refractive index (SRI) due to their ability to excite cladding
mode resonance which is the result from the coupling between
core mode and cladding modes. However, for bending and
SRI measurements, temperature cross-sensitivity normally is
a problem that is difficult to solve for LPFGs. In contrast,
TFBGs could automatically provide temperature compensa-
tion, since the core mode, which is restricted to propagate in
the core, is immune to SRI. Moreover, compared to LPFGs,
narrower resonances of TFBGs can induce higher wavelength
measurement accuracy.

FBGs are fabricated by periodically modulating the refrac-
tive index in the core along the fiber axis, while TFBGs are
inscribed with a slight tilt angle with respect to the fiber
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axis, respectively. To achieve this, the photosensitivity in silica
optical fibers is of great importance. The photosensitivity
of standard germanium-doped silica optical fibers (such as
CORNING, SMF-28) is due to the Ge-Si wrong bond, and
with UV irradiation, a creation of new defect is generated with
refractive index change [10]. However, the photosensitivity of
this standard fiber is relatively low for UV irradiation and it is
not sufficient for inscriptions of high quality FBGs or TFBGs.
Thus, researchers have made considerable efforts to improve
the photosensitivity of germanosilica fibers by using hydro-
gen loading (hydrogenation) [11]–[13], flame brushing [14],
193 nm ArF excimer laser irradiation [12], [13], [15], [16],
femtosecond laser pulses [13], [17], [18] or boron co-doping
[19], [20]. However, hydrogenation and flame brushing need
extra pre-treatment for photosensitivity enhancement, and
193 nm excimer lasers and femtosecond lasers are very expen-
sive. Compared to these three methods, commercialized Boron
co-doping fibers with UV lasers (∼250 nm), such as 266 nm
solid state pulsed laser, can be used without any pre-treatment
for both FBG and TFBG inscriptions due to extremely high
photosensitivity, which improves the convenience and reduces
the cost for TFBG fabrication.

Similar to FBGs, TFBGs are generally inscribed by inter-
ferometric or phase mask technique. For the former technique,
an interferometer is used to split the laser beam into two
parts and then recombine the two beams to generate an
interference pattern [21]. This approach features advantages
of high flexibility with respect to variations of grating peri-
ods and tilt angles. In contrary, for mass grating production
with an identical grating period, phase mask technique is
preferable. In this technique, the fiber is positioned within
the interference pattern generated by a diffractive phase mask.
The tilt angle is adjusted by keeping the fiber and phase
mask perpendicular to the incident laser beam, while slightly
rotating the phase mask around the axis of the laser beam;
however, the diffracted beams from the rotated phase mask
could distort the interference pattern inside the fiber [22], [23].
To solve this problem, Albert et al. proposed to rotate the
phase mask and the fiber at the same time, since it provides
a flatter fringe pattern inside the fiber [9], [24]. Also, in 2021
Wen et al. successfully manufactured TFBGs in Boron co-
doping fibers (PS1250/1500, FIBERCORE) using the same
inscription technique using a KrF excimer laser emitting at
248 nm [20]. A 10◦ TFBG was obtained in 6 minutes with the
maximal amplitude of cladding modes to be ∼1.5 dB, which
is not large enough for SRI sensing. Moreover, the 248 nm
excimer laser is not cost-effective, similar as the 193 nm one.
Besides, in 2014 Hu et al. reported the first TFBGs in trans-4-
stilbenemethanol-doped photosensitive step-index poly(methyl
methacrylate) (PMMA) POFs with tilt angles up to 4.5◦ [25].

In this work, to the best of our knowledge, we demon-
strate the first TFBG inscriptions in Boron co-doping fibers
(PS1250/1500, FIBERCORE) using the low cost 266 nm solid
state pulsed laser and phase mask technique. First, gratings
with tilt angles from 2◦ to 10◦ are inscribed with ∼3.2 mJ
pulse energy and adapted pulse repetition rate from 25 Hz
to 35 Hz. Then, the performance of the TFBG inscriptions
with tilt angles of 2◦ and 8◦, respectively, is discussed with

respect to pulse repetition rate and scanning speed. Afterwards,
dynamic spectra during the inscription of the 10◦ TFBG are
recorded, showing that both the core and cladding modes in
the transmitted amplitude spectra grow uniformly as a function
of inscription time with a growth rate of 0.0076 dB/min and
0.17 dB/min, respectively, by linear regression.

Then, sensing applications based on TFBGs are conducted.
Based on the 8◦ TFBG, the temperature sensitivities of the core
mode at ∼1576.3 nm and the cladding mode at ∼1561.3 nm
are very similar, which are 0.0083 ± 0.0002 nm/◦C and
0.0085 ± 0.0001 nm/◦C, respectively, so that the temperature
cross-sensitivity of other sensing modalities, such as SRI and
bending, can be eliminated by considering relative wave-
length shifts instead of absolute wavelength measurements.
The bending measurement is conducted with the 4◦ TFBG
by monitoring the amplitude and the wavelength shift of the
cladding mode at ∼1572.9 nm showing a sensitivity of 0.94 ±
0.03 dB/m−1 and −0.0163 ± 0.0004 nm/m−1, respectively.
Finally, the SRI measurements are carried out by monitoring
the cut-off cladding mode of the 8◦ TFBG with a large SRI
range from 1.3330 to 1.4590 showing a sensitivity of 543 ±
5 nm/RIU (refractive index unit). Besides, with a small SRI
range from 1.3850 to 1.3854, the evolution of the cut-off mode
at ∼1535.5 nm is recorded with a sensitivity of (5.8 ± 0.7) ×
102 dB/RIU and (6.0 ± 0.4) × 102 nm/RIU, respectively.

II. PRINCIPLE AND EXPERIMENTAL SET-UP

A. Principle of TFBG
TFBGs belong to the short period (∼500 nm) grating family

with a refractive index modulation direction slightly angled
with respect to the optical fiber axis [9], [24], [25]. TFBGs
have two mode-coupling mechanisms: self-backward coupling
of the core mode and backward couplings between the core
mode and numerous cladding modes [26]. The former gener-
ates Bragg mode or core mode similarly as FBGs, as expressed
by

λBragg = 2ne f f,core�G (1)

where ne f f,core denotes the core effective refractive index, and
�G represents the grating period along the fiber axis.

For the latter coupling, TFBGs enable light to propagate
in the cladding with different angles showing corresponding
effective refractive indices of cladding modes ne f f,clad . Thus,
wavelength of the cladding mode resonance is in one-to-
one correspondence with its effective refractive index. This
relationship is expressed by a phase-matching condition:

λi
clad = (nef f,core + ni

e f f,clad)�G (2)

where the superscript i denotes the mode number.

B. TFBG Fabrication and Experimental Set-Up
The 266 nm solid state pulsed laser (DPS-266-Q,

Changchun New Industries Optoelectronics Tech. Co., Ltd)
has a pulse width of ∼6 ns, a circle beam diameter of
∼2.5 mm and a beam divergence angle of ∼1 mrad at the
laser output. The phase mask optimized at 266 nm positioned
closely in front of the fiber has a pitch �M of 1090 nm with a
corresponding �G of 545 nm, as in the case of pure two-beam
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Fig. 1. Experimental set-up for TFBG inscription using 266 nm solid
state laser pulses.

interference pattern, �G is still given by �M /2. Thus, TFBGs
fabricated with different tilt angles are expected to have their
Bragg resonances positioned at the same wavelength [27]. The
experimental inscription set-up is illustrated in Fig. 1. The
beam emitted from the solid state laser was firstly reflected
by a mirror mounted on a motor driven translation stage.
Then, a cylindrical lens with a focal length of 10 cm was
used to focus the circle laser beam (∼4 mm in diameter)
to ∼100 μm width along the fiber core for power density
enhancement. The focused beam (4 mm long, 100 μm wide)
scanned 12 mm to induce a 16-mm-long grating. Both the fiber
and the phase mask were integrated on a rotating breadboard,
so that they could be rotated by an identical angle. Due to the
long Rayleigh length for such focal length, almost uniform
power density was obtained during beam scanning without
turning the cylindrical lens to adapt the rotation angle of the
rotating breadboard (RBB300A/M, Thorlabs). The real-time
spectrum recording relied on a grating interrogator (FS22SI,
HBM Fiber Sensing) with a wavelength resolution of 1 pm
and a scanning rate of 1 Hz.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. TFBGs of Different Tilt Angles With Adapted
Parameters

The tilt angle of TFBGs is a key factor to determine
the resonance range of cladding modes corresponding to the
measuring range of SRIs. In this experiment, TFBGs with tilt
angles from 2◦ to 10◦ with a 2◦ interval were inscribed by
optimizing the pulse repetition rate (20 Hz-40 Hz) at a constant
scanning speed of 0.005 mm/s. The optimal repetition rates
for 2◦ and 4◦ TFBGs are 25 Hz, while the counterparts for

Fig. 2. TFBG transmitted spectra versus different tilt angles with adapted
pulse repetition rate (2◦ / 25 Hz, 4◦ / 25 Hz, 6◦ / 35 Hz, 8◦ / 35 Hz, 10◦ /
35 Hz) and a constant scanning speed of 0.005 mm/s.

6◦, 8◦ and 10◦ TFBGs increase to 35 Hz. The transmitted
amplitude spectra are shown in Fig. 2. Compared to variations
of the repetition rate and the scanning speed, the shift of
the pulse energy is limited, as it is 3.2 mJ at 20 Hz, and it
gradually increases by ∼8% at 40 Hz. Thus, the influence of
pulse energy could be neglected in this work. Fig. 2 shows
that the insertion loss of the Bragg mode decreases from
27.90 dB to 0.33 dB as the TFBG tilt angle increases from 2◦
to 10◦. Meanwhile, the central wavelength of the Bragg mode
is almost constant at ∼1577 nm.

For cladding modes with increasing tilt angles, the maximal
amplitude of the resonance is found to be 10.47 dB for the
6◦ TFBG and then decreases to 6.53 dB for the 10◦ TFBG,
which agrees with the fact that the coupling efficiency of
TFBG decreases with increasing tilt angles [26]. To improve
the amplitude of the cladding mode for the 10◦ TFBG or to
increase the tilt angle, generally much higher pulse energy or
repetition rate is required; however, due to high risk of fiber
breakage [28], 10◦ is the largest tilt angle implemented in
this work. Besides, with increasing tilt angles, the spectral
range of the cladding modes increases accordingly. Thus,
TFBGs with a larger tilt angle can be applied to a smaller
SRI measurement according to Equation (2). From 6◦, the
spectral range of the cladding modes is over 75 nm, though
amplitude of the cladding mode is only ∼0.5 dB in the
wavelength range under 1544.83 nm. Besides, laser irradiation-
induced out-of-band insertion losses for different tilt angles
were investigated by comparing the post-inscription spectra
to the pre-inscription ones, showing very low insertion losses
(maximal value: ∼ −0.1 dB for the 2◦ TFBG). Furthermore,
the upper envelopes of these spectra are very smooth (maximal
notch depth: ∼ −0.6 dB for the 6◦ TFBG). More detailed data
are illustrated in Table I.

B. 2◦ TFBG Inscriptions
Fig. 3 presents the 2◦ TFBG inscriptions with respect to

different pulse repetition rates and scanning speeds. It is shown
that for a constant scanning rate of 0.01 mm/s, the maximal

Authorized licensed use limited to: Beijing Normal University. Downloaded on February 05,2022 at 13:01:29 UTC from IEEE Xplore.  Restrictions apply. 



2232 IEEE SENSORS JOURNAL, VOL. 22, NO. 3, FEBRUARY 1, 2022

TABLE I
TRANSMITTED SPECTRAL PARAMETERS FOR TFBGS OF VARIOUS TILT ANGLES

Fig. 3. 2◦ TFBG inscriptions with different parameters (20 Hz /
0.01 mm/s, 25 Hz / 0.01 mm/s, 25 Hz / 0.005 mm/s).

cladding mode amplitude almost remains constant, as the
repetition rate increases from 20 Hz to 25 Hz, suggesting
that the repetition rate may not be a dominant factor for this
TFBG improvement. Thus, the scanning speed was decreased
to 0.005 mm/s, showing an almost doubled maximal cladding
mode amplitude.

C. 8◦ TFBG Inscriptions
Fig. 4 presents the 8◦ TFBG inscriptions with a constant

scanning speed of 0.005 mm/s; however, the pulse repetition
rates are variable from 30 Hz to 40 Hz. It appears that the
maximal cladding mode amplitude increases by 13.1% from
30 Hz to 35 Hz, while it increases by only 2.3% from 35 Hz
to 40 Hz. However, the higher repetition rate increases the
possibility of the fiber breakage due to accumulated heat [28].
Thus, the pulse repetition rate of 35 Hz is considered the most
appropriate for the 8◦ TFBG inscription.

D. Dynamic Recording of the Transmitted Spectra During
Inscription

Though TFBGs had been inscribed with different para-
meters, i.e., different tilt angles, pulse repetition rates and
scanning speeds, both the core and cladding mode in the
transmitted spectra of these TFBGs grow uniformly. Taking
the 10◦ TFBG inscribed with a pulse repetition rate of 35 Hz
and a scanning speed of 0.005 mm/s for example, as depicted

Fig. 4. 8◦ TFBG inscriptions with different pulse repetition rates (20 Hz,
35 Hz, 40 Hz) and a constant scanning speed of 0.005 mm/s.

in Fig. 5, the growth rates of their insertion losses (core mode
and cladding mode with maximal amplitude) are 0.0076 ±
0.0003 dB/min and 0.17 ± 0.01 dB/min, respectively, by linear
regressions, as shown in Fig.6.

E. TFBG Temperature Measurement
For the 8◦ TFBG inscribed with a pulse repetition rate

of 40 Hz and a scanning speed of 0.005 mm/s, the temperature
characterization was implemented between 20◦C to 40◦C with
a step of 4◦C. After the stabilization the spectra were recorded.
Fig. 7 shows the linear fits of the central wavelength evolutions
of the core mode at ∼1576.3 nm and the cladding mode at
∼1561.3 nm in terms of temperature, whose sensitivities are
0.0083 ± 0.0002 nm/◦C and 0.0085 ± 0.0001 nm/◦C, respec-
tively. Thanks to the very similar sensitivities between the core
mode and the cladding mode, the temperature cross-sensitivity
of other sensing modalities, such as SRI and bending, can be
eliminated by considering relative wavelength shifts instead
of absolute wavelength measurements. This phenomenon is
similar to the case reported in the previous work [9].

F. TFBG Bending Measurement
The bending experimental set-up is similar to the work [29].

Both sides of the 4◦ TFBG (repetition rate 25 Hz, scanning
speed 0.005 mm/s) used in this measurement were fixed
on two translation stages. The bending curvature was varied
by adjusting the distance between the two sides, and the
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TABLE II
PERFORMANCE COMPARISON OF BENDING SENSORS WITH DIFFERENT PRINCIPLES

Fig. 5. Growth of the 10◦ TFBG transmitted spectrum with a pulse
repetition rate of 35 Hz and a scanning speed of 0.005 mm/s.

Fig. 6. Dynamic recording of the insertion losses of the core and the
cladding (maximal amplitude) mode during inscription for the 10◦ TFBG
with a pulse repetition rate of 35 Hz and a scanning speed of 0.005 mm/s.

approximate calculation of the curvature value can be found
in the work [30]. The bending direction was optimized to
obtain the highest bending sensitivity. Fig. 8 demonstrates

Fig. 7. Linear fits of the central wavelength evolutions of the core mode at
∼1576.3 nm and the cladding mode at ∼1561.3 nm versus temperature
for the 8◦ TFBG.

the spectral evolution as a function of curvature including
both the cladding mode and the core mode. It is found
that the core mode at ∼1576.0 nm is stable during the
experiment, while the cladding mode at ∼1572.9 nm is sen-
sitive to the curvature. Consequently, the evolutions of the
amplitude and the central wavelength of the cladding mode
were linearly fitted with a sensitivity of 0.94 ± 0.03 dB/m−1

and −0.0163 ± 0.0004 nm/m−1, respectively, as depicted in
Fig. 9, which are higher than the results demonstrated in the
Ref. [9]. The performance comparation between this bending
sensor and other optical fiber-based sensors with different
principles are presented in Table II.

G. TFBG Refractometric Measurement
The SRI measurement was conducted by immersing the

sensing probe (8◦ TFBG: pulse repetition rate 35 Hz, scanning
speed 0.005 mm/s) successively in glycerol/water solutions
with different refractive indices covering a large SRI range
from 1.3330 to 1.4590 (measured by an Abbe refractometer
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TABLE III
PERFORMANCE COMPARISON OF REFRACTOMETRIC SENSORS WITH DIFFERENT PRINCIPLES

Fig. 8. Transmitted amplitude spectrum evolutions of the selected
cladding mode at ∼1572.9 nm and the core mode at ∼1576.0 nm as
a function of bending curvature for the 4◦ TFBG.

Fig. 9. Linear fits of the amplitude and the central wavelength evolutions
of the cladding mode at ∼1572.9 nm as a function of bending curvature
for the 4◦ TFBG.

with an accuracy of 10−4). Transmission spectra are presented
in Fig. 10. It is found that the cladding mode resonances start
to vanish from shorter wavelength to longer wavelength as the
SRI value increases, which is similar to the case reported in

Fig. 10. Transmitted spectrum characterization of the 8◦ TFBG as a
function of SRI.

the previous work [9], [24]. This behavior arises from the fact
that when the SRI approaches the effective refractive index of
a cladding mode (defined as cut-off mode), it is no longer
reflected at the cladding-surrounding medium interface but
becomes radiated. Consequently, a smooth line to the cut-off
mode in the transmitted spectrum is demonstrated. The cut-off
wavelength variations in terms of different SRIs are shown in
Fig. 11, showing a sensitivity of 543 ± 5 nm/RIU.

In terms of small SRI measurement in the range from
1.3850 to 1.3854, the spectral evolutions of the cut-off mode
and the core mode were recorded, as shown in Fig. 12. It is
found that the core mode at ∼1576.1 nm is stable during
the experiment, while the cut-off mode at ∼1535.5 nm is
sensitive to the SRI. Thus, the evolutions of the amplitude
and the central wavelength of the cut-off mode were linearly
fitted showing a sensitivity of (5.8 ± 0.7) × 102 dB/RIU
and (6.0 ± 0.4) × 102 nm/RIU, respectively, as depicted in
Fig. 13, which is much higher than 38.67 nm/RIU in the range
from 1.344 to 1.347 obtained from an 8◦ TFBG inscribed in a
hydrogen-loaded standard single-mode germanosilicate optical
fiber with a 193 nm ArF excimer laser [13]. In addition,
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Fig. 11. Linear fit of cut-off cladding mode in transmitted spectrum versus
SRI for the 8◦ TFBG.

Fig. 12. Transmitted amplitude spectrum evolutions of the selected
cladding mode at ∼1535.5 nm and the core mode at ∼1576.1 nm as
a function of SRI for the 8◦ TFBG.

Fig. 13. Linear fits of the amplitude and the central wavelength evolutions
of the cladding mode at ∼1535.5 nm as a function of SRI for the 8◦ TFBG.

the performance of this refractometric sensor is compared
to other optical fiber-based sensors with different principles,
as demonstrated in Table III.

IV. CONCLUSION

In summary, we demonstrated the first TFBG inscriptions in
Boron co-doping fibers using a 266 nm UV laser together with
scanning phase mask technique. The laser emits at 266 nm

with a pulse width of ∼6 ns and a pulse energy of ∼3.2 mJ.
By using this convenient and cost-effective inscription method-
ology, smooth gratings with tilt angles from 2◦ to 10◦ were
fabricated. The maximal amplitude of the cladding mode
resonance is equal to 10.47 dB for the 6◦ TFBG. Additionally,
we found that compared to the pulse repetition rate, scanning
speed plays a more important role on 2◦ TFBG inscription,
while the pulse repetition rate of 35 Hz is the most appropriate
for 8◦ TFBG inscription. Also, TFBGs grow uniformly as
a function of time. It is worth mentioning that using the
same inscription methodology, TFBGs are difficult to obtain
in POFs, which could be due to the heat effect during the
scanning process.

After TFBG inscriptions, their sensing applications were
conducted. The similar temperature sensitivities of the core
mode and the cladding mode ensure that the temperature
cross-sensitivity for SRI and bending measurement can be
eliminated by considering relative wavelength shifts. Also, the
bending sensitivities are 0.94 dB/m−1 and −0.0163 nm/m−1,
respectively. In terms of SRI measurement, the evolution of the
cut-off cladding mode was monitored showing sensitivities of
543 nm/RIU for a large SRI range from 1.3330 to 1.4590,
and ∼580 dB/RIU / ∼600 nm/RIU for a small SRI range
from 1.3850 to 1.3854. The ease of TFBG fabrication and the
capability of intrinsic temperature self-compensation pave the
way to their potentially promising applications in curvature
and refractometric measurement.
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