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Efficient Inscription of High Quality FBGs on
ZBLAN Fiber With a Femtosecond Laser
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Abstract—An efficient inscription method for low insertion loss
fiber Bragg gratings in ZBLAN fiber is presented, and the effects
of femtosecond laser with different pulse numbers and repetition
rate on the morphology of the refractive index modulation region
and the insertion loss of ZBLAN fiber gratings were investigated. It
is experimentally proved that the thermal effect of multiple pulses
of high repetition rate femtosecond lasers avoid the generation of
microcracks in the process of grating preparation, which greatly
reduces the insertion loss. At the same time, the efficiency of
grating inscription was greatly improved by utilizing the spherical
aberration, the self-focusing effect in ZBLAN fiber and the parallel
inscription technique. Finally, a parallel-integrated fiber Bragg
grating consisting of three fiber Bragg gratings was inscribed on
a ZBLAN fiber in 2.5 minutes by using 1 MHz femtosecond laser
burst mode with a reflectivity of 99.6 % and an insertion loss of only
0.1 dB, and the temperature sensitivity of this FBG was tested to
be 26.17 pm/ °C.

Index Terms—Fiber Bragg grating, laser material processing,
mid-infrared, ZBLAN fiber.
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1. INTRODUCTION

N RECENT years, mid-infrared lasers have been employed
I extensively in a variety of research fields including healthcare
[1], atmospheric communication [2], molecular detection [3],
etc., because of the location in the atmospheric window and
molecular vibration spectral region. In particular, as cavity mir-
rors, fiber Bragg gratings (FBGs) constitute integral components
of mid-infrared fiber lasers [4], [5], [6], and their inscription
techniques are crucial and widely studied. So far, different
inscription methods have been explored and applied to many
different types of mid-infrared fibers [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17].

In the beginning, FBG in ZBLAN fiber were processed by
using UV laser with conventional holographic interferometry
[7] or through phase mask [8]. At this time, because ZBLAN
fiber is not photosensitive, additional rare earth elements like
cerium need to be added to it, moreover, it exhibits a limited
refractive index modulation and possesses low thermal stability
and laser damage threshold. In contrast, femtosecond (fs) laser
modulation takes advantage of the nonlinear absorption of the
material, does not require additional material sensitization, and
has become the most popular fiber grating preparation technique
by virtue of its higher refractive index modulation and better
stability of the modulation. In 2007, Bernier et al. [9] inscribed
FBG in non-photosensitized ZBLAN fiber by using fs laser
pulses and a phase mask for the first time, but the coating of
the fiber had to be removed before fabricating, which reduced
mechanical strength of the fiber. In 2018, they wrote FBGs in an
erbium-doped fluoride glass fiber without removing the polymer
coating, achieving a maximum laser output power of 41.6 W at
2824 nm [10]. However, using phase mask for FBG preparation
limit ability to flexibly adjust the resonant wavelength of grating.
Comparatively, fs laser direct writing techniques have solved
this problem, including point-by-point [11], [12], line-by-line
[13], [14], and plane-by-plane [15], [16], [17] methods, that is,
through the displacement platform to achieve point, line or plane
of the periodic modulation region to form a grating. Among
them, the line-by-line and plane-by-plane methods have uniform
modulation area, and the insertion loss of the FBG is low, but
they need to scan in multiple directions, which take longer
time. The point-by-point method is exactly the opposite, the
preparation efficiency is high, but the inscribed FBG generally
has a significant insertion loss. So far, it is difficult to maintain a
high writing efficiency of FBG in ZBLAN fibers while ensuring
very low insertion loss and high reflectivity.
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Fig. 1.  Schematic of the FBG fabricated by fs laser on ZBLAN fiber. (Insets:
(a) Top view and (b) cross-profile schematic of a PI-FBG consists of three FBGs).

In this letter, we proposed a low insertion loss parallel-
integrated fiber Bragg grating (PI-FBG) [18] that simultaneously
meets very high preparation efficiency and very low insertion
loss by using burst mode method and parallel inscribe method.
The thermal effect due to the high repetition rate and the
multi-pulse of burst mode results in a uniform modulation area
and thus guarantees a relatively low insertion loss (IL). And
the spherical aberration caused by the multilayer structure of
the ZBLAN fiber, the self-focusing effect of the femtosecond
laser in the fiber and the thermal diffusion effect will make
the refractive index modulation region show an ellipsoidal
distribution, increasing the volume of the modulation region,
and further reducing the insertion loss of the fiber grating. At the
same time, combined with the parallel inscription technology,
high-efficiency grating inscription can be realized, PI-FBG with
reflectivity up to 99.6% can be inscribed within 2.5 minutes,
and the insertion loss is only 0.1 dB.

II. PROCESS AND PRINCIPLE

The ZBLAN fiber (Le Verre Fluoré) used in our experiment
with core and cladding diameters of 6.5 ym and 125 pm,
respectively, and the numerical aperture (NA) is 0.23. An fs
laser with a wavelength of 515 nm, a pulse width of 290 fs,
and a repetition rate of 1 MHz was employed. As shown in
Fig. 1, the pulses were focused by a 100x Leica oil-immersion
objective with a NA of 1.25, and form a modulation in the
ZBLAN fiber core The detailed inscription process is as follows:
firstly, the ZBLAN fiber was clamped by a pair of fiber holders
mounted on a three-dimensional air flotation stage, and the fs
laser beam was focused into the center of the fiber core. The
axial direction of the fiber and the incident direction of laser
beam are parallel to the x-axis and the z-axis of the translation
stage, respectively. Secondly, by programmatically controlling
the stage, the optical fiber is periodically moved along the x-axis,
with each period modulated by multiple femtosecond pulses, go
back to the starting point, move the y-axis to 1.5 pm left and right
the FBG just written, and repeat the second step to prepare the
second and third FBGs. And the top view and the cross-profile
schematic of inscribed FBG are shown in the inset (a) and (b) in
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Fig. 2. Top view microscope images of refractive index modulations regions
induced by using different pulse repetition rate (i.e., 1 MHz and 100 kHz) and
various number of pulses (i.e., 20, 40, 60,80 and 100).
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Fig. 3. Lateral view microscope images of refractive index modulations re-
gions induced by using different pulse repetition rate (i.e., | MHz and 100 kHz)
and various number of pulses (i.e., 20, 40, 60,80 and 100).

1MHz

Fig. 1, respectively. The entire preparation process is controlled
in less than 2.5 minutes.

Fig. 2 shows the top view microscope images of FBGs modu-
lated with 20, 40, 60, 80 and 100 pulses per period based on 100
kHz and 1 MHz repetition rate, respectively. And the energy of
each pulse was 40.3 nJ. As can be seen from the figure, when
the repetition rate of laser is 100 kHz, cracks appear in the laser
modulation region, and the size of the cracks increases as the
number of pulses increased. When the number reaches 100, the
size of the crack is about 5 pum. It is clear that the situation
improved significantly when the pulse repetition frequency is
1 MHz. There are only a few cracks in the modulation region
at a pulse number of 20, and when the pulse number is further
increased, cracks no longer appeared and the morphology did
not change much, but only became slightly darker. The size of
a single modulation point is about 0.9 ym in diameter. Typical
glass thermal diffusion time are on the order of s, and at low
repetition rate there is enough time for the deposited heat to
diffuse out before subsequent pulses arrive. But this can lead to
cracks appearing due to the large thermal expansion coefficient
(17.2 x 107 K~!) and low fracture toughness (0.32 MPam'/?)
of ZBLAN. At the same time, the glass transition temperature
T, of ZBLAN is 265 °C, at high repetition rate, heat will
accumulate and the temperature near the focal point will be
higher than T, the modulation region undergoes a process of
melting and re-solidification. And due to isotropic heat diffusion,
the refractive index changes in the modulation region are very
uniform, and cracks do not occur [19], [20], [21], [22], [23].

Fig. 3 show the corresponding Lateral view microscope im-
ages of Fig. 2. From the lateral view, when the pulse repetition
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Fig. 4. Transmission spectra of FBGs modulated with (a) 100 kHz pulses repetition rate, 100 pulses per period and 40.3 nJ per pulse, (b) 1 MHz pulses repetition

rate, 100 pulses per period and 40.3 nJ per pulse, (c) 1 MHz pulses repetition rate, 20 pulses per period and 47.1 nJ per pulse, respectively.

rate is 100 kHz, similar to the cracks in the top view, no matter
how many pulses it is, there are so many uneven bright spots
in the modulation region that the periodicity of the grating is
affected. Relatively, when the repetition rate is | MHz, the lateral
view of the modulation region looks uniform with well-defined
periods whether the number of pulses is 20, 40, 60, 80 or 100.
This is also attributed to the aforementioned thermal effect of
multiple pulses at high repetition rate. The modulation region
length is 4.8 pum, which covers almost the entire fiber core
(also for 100 kHz). This is due to the fact that we wrote the
grating with out removing the coating layer of the ZBLAN fiber,
and the multilayer structure of the fiber introduces aberration,
making the focal point elongated vertically [12]. In addition, the
self-focusing effect induced at high peak power of the fs laser
pulse and the thermal effect at high repletion rate will also lead
to the elongation [21], [24], [25].

III. EXPERIMENTS AND RESULTS

To more intuitively compare the modulation effect of different
parameters on FBG quality, we selected FBGs inscribed with
100 kHz& 100 pulses, 1 MHz& 100 pulses and 1 MHz&20 pulses
for spectral comparison. In addition, in order to compare the IL
at a same dip resonance, the first two FBGs were inscribed with
a single pulse energy of 40.3 nJ, and the third FBG was inscribed
with a single pulse energy of 47.1 nJ. By the way, the pitch of
this three FBGs are 1.027, 1.028 and 1.049 pum. We tested the
spectra responses of these FBGs using an ultra-broadband light
source (LEUKOS, MIR 4.8) and a spectrometer (YOKOGAWA,
AQG6377) in the mid-infrared wavelength band. The two ends of
the ZBLAN fiber are cut flat and connected to the light source
and spectrometer respectively through a bare fiber terminator,
and the spectrum of the light source is subtracted in advance
before the grating is inscribed in order to facilitate the analysis
of the IL introduced by the femtosecond lase modulation. The
test results are shown in Fig. 4. According to the results, the
attenuations of Bragg resonance of these three FBGs are almost
the same (i.e., 10.81, 10.97 and 10.98 dB), located at 3029.2,
3032.3 and 3079.9 nm, the 3 dB bandwidths are 0.64, 0.58 and
0.62nm, and the ILs are 0.30, 0.03 and 0.12 dB, respectively.
It is worth noting that the second FBG inscribed by 100 pulses
with 1 MHz repetition rate and 40.3 nJ single pulse energy has
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Fig. 5. The microscopic images of the inscription process of PI-FBG. (al)
The top view and (a2) lateral view microscopic images of the center FBG; (b1)
(b2) for the center FBG and one side FBG; (c1) (c2) for the center FBG and two
side FBGs; (d) the spectra of the inscription process of PI-FBG.
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Fig. 6. (a) Temperature texting spectra of PI-FBG, FBGI utilized the ther-

mal effect and FBG2 inscribed without thermal effect and (b) corresponding
temperature characteristic curves and fitting.

the smallest IL, which is 1/10 and 1/4 of that of the first and the
third FBG, respectively. It proves that it is feasible to reduce the
IL of a FBG by using the thermal effect, and it requires not only
a high repetition rate of fs pulses, but also the modulation of a
large number of pulses per period.

Therefore, we chose a | MHz repetition frequency, 100 pulses
per cycle, and a single pulse energy of 40.3 nJ to prepare
FBGs. At the same time, in order to allow the refractive index
modulation region to cover the fiber core in another dimension
as well, while guaranteeing a high writing rate, we adopt a
parallel integrated writing method. The FBG prepared by this
method is called PI-FBG. Fig. 5 has shown the process of the
PI-FBG inscription. The inscribing process is as follows, firstly,
the optical axis of the fiber is adjusted to be parallel to the x-axis
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TABLE I
COMPARISON OF LENGTH, WRITING TIME, REFLECTIVITY AND INSERTION LOSS OF MID-INFRARED FIBER GRATINGS WRITTEN BY DIFFERENT WRITING METHODS

Fiber Method Length /mm  Processing time  Reflective /%  «/m™  Insertion loss /dB  Reference
- 48.7 43.2 0.17
ZBLAN Point by point 20 [12]
- 98.4 137 -
Fluorotellurite Fiber Shell-like period 5 <30s >99 599 1.5 [13]
Ho**/Pr** : AlF; Line by line 8 - 98.9 368 1 [14]
Ho*/Pr** : ZBLAN Plane by plane 15 2h ~50 58.8 - [15]
Single pass 2.5h 90.1 368 0.09
ZBLAN Double pass 5 Sh 92.6 395 0.12 [17]
Stacking 7h 96.2 464 0.17
ZBLAN PI-FBG 10 2.5min 99.6 345 0.10 This work

movement direction of the stage to ensure that the inscribed
FBG is in the middle of the fiber core, and then it starts to
move the x-axis cyclically to form the center FBG. As shown in
Fig. 5(al) and (a2), the inscribed FBG is indeed in the center of
the core, both in the top view and the lateral view. The depth of
the modulation region is 4.8 ym. The FBG has a pitch of 1.099
pm, a length of 10 mm with x-axis travel speed of 0.2 mm/s,
and its inscription took 50 s only. The depth of the modulation
region is 4.8 um. The FBG has a pitch of 1.099 um, a length of
10 mm with x-axis travel speed of 0.2 mm/s, and its inscription
took 50s only. The corresponding FBG transmission spectrum
is shown as the blue line in Fig. 5(d), whose Bragg resonance
dip is located at 3236.9 nm with a depth of —8.79 dB, and the
IL is 0.03 dB. After inscribing the first grating, the displacement
stage is controlled to return to its starting point, and the fiber is
moved 1.5 pm in the negative direction of the y-axis, and this
point is used as the starting point for the inscription of the second
FBG. As shown in Fig. 4(bl), the second FBG is located at 1.5
pm above the center FBG in the top views. The corresponding
grating transmission spectrum is shown as the yellow line in
Fig. 4(d), located at 3237.2 nm with a dip depth of —14.12 dB,
and the IL is up to 0.07 dB. Then repeat the steps to fabricate
the third FBG 1.5 um below the center FBG in the top view. In
the end, the PI-FBG, consisting of three FBGs, was inscribed,
which only took 2.5 minutes. The final spectrum of PI-FBG is
shown as the green line in Fig. 4(d), which is located at 3237.5
nm with a dip depth of —23.46 dB, i.e., the reflectivity of the
PI-FBG reaches 99.6%, and the IL is still only 0.10 dB. By
utilizing the parallel inscription techniques, modulation region
covering almost the entire fiber core is achieved in each period.
Overall, the method achieved plane-by-plane modulation with
the efficiency of the point-by-point approach.

Table I lists some data on the length, inscription time, reflectiv-
ity, coupling coefficient and insertion loss of FBGs inscribed in
various ways, which are typical values in the respective articles.
We can find that the point-by-point modulation will lead to larger
insertion loss, such as in reference [12], the reflectivity of the
grating written point-by-point method is only 48.7% and its IL

reaches 0.17 dB. In reference [13], the shell-like period method
is the single pulse point-by-point method to get the line-by-line
modulation, which took less than 30 seconds to fabricate a 5
mm long FBG, but the IL was up to —1.5 dB. Conversely, the
line-by-line and plane-by-plane modulation may have smaller IL
but them took longer time. Reference [14] used the line-by-line
method, and it took 1 hour to fabricate an 8 mm long FBG, and
in reference [15], it took 2 hours to fabricate a 15 mm long FBG
using the plane-by-plane method. In reference [17], it took 2.5
hours, 5 hours and 7 hours to realize the line-by-line modulation
by single pass and double pass, and the plane-by-plane modu-
lation by stacking, respectively. With the method in this letter,
a grating with IL of only 0.10 dB and reflectivity of 99.6%
can be realized in 2.5 minutes, with an efficiency similar to
the point-by-point method, and a grating coupling coefficient
similar to that of the line-by-line and plane-by-plane methods,
which, in comparison, should be the optimal means of FBG
fabricating at present.

A change in the external temperature leads to a change in
the resonant wavelength of the FBG, and this can be utilized
to achieve tuning of the laser output wavelength. In order
to investigate the temperature characteristics of PI-FBGs, we
inscribed PI-FBG, FBG]1 that utilized the thermal effect and
FBG2 that did not utilize the thermal effect on ZBLAN fibers
and tested them simultaneously for temperature. The length of
PI-FBG, FBG1 and FBG?2 is both 10 mm, the interval between
FBGs is 20 mm, and the resonance wavelengths of FBGs at
room temperature are 3249.5 nm, 3252.2 nm and 3254.4 nm,
respectively. We placed the ZBLAN fiber with the three kinds
of gratings inscribed into a temperature oven, starting at room
temperature in 5 °C one step, and recorded the spectra as they
stabilized at the current temperature, until the oven approached
nearly 100 °C. As shown in Fig. 5(a), the spectral curves of
PI-FBG, FBG1 and FBG2 are all red-shifted with increasing
temperature, and the red shift magnitude is approximately the
same. The values of the wavelengths corresponding to the lowest
point of the curve at each temperature for the three gratings were
selected and used to plot the wavelength versus temperature
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Fig. 7. (a) Schematic of the FBG inscribed by fs laser on large core diameter
ZBLAN fiber. (b) Corresponding top view and lateral view microscope images
of PI-FBG.

curves and fit them linearly. The results are shown in Fig. 5(b),
where it can be seen that the temperature sensitivity of PI-FBG,
FBG1 and FBG2 are 26.17 pm/ °C, 22.79 pm/ °C and 24.79 pm/
°C, respectively, corresponding to R20f0.993, 0.994 and 0.995,
respectively. The difference in temperature sensitivity between
PI-FBG and FBG1 probably because that PI-FBG contains two
FBGs that are closer to the cladding, and thus are slightly more
sensitive to external temperature changes. While the difference
in temperature sensitivity between FBG1 and FBG2 may come
from the difference between athermal modulation and thermal
modulation.

Finally, we considered that when the fiber core size is
larger, the highest efficiency cannot be achieved if we still
use only the parallel integration method, for which we further
explore the combination of other means. As shown in Fig. 7(a),
the oil-immersion objective was replaced with an air objective,
and added a cover glass above the ZBLAN fiber to further
widen its spherical aberration and thus elongate the length of
the focused spot in the z-axis. In addition, the length of the
focused spot in the y-axis can also be elongated by adding a
slit (or a pair of cylindrical lenses) in front of the objective
[26]. These modifications result in a larger modulation region.
Fig. 7(b) and (c) are the top and lateral view microscope images
of the modulation region in a large core diameter ZBLAN fiber
(14/250) using this method and parallel integrated fabricating
technique. The length of the modulation region in the y-axis and
z-axis is 4 pm and 10 pm respectively. The PI-FBG consisting
of two FBGs can basically cover the entire fiber core. Using
this method (or adding a spatial light modulator in the optical
path for direct parallel processing) can further improve the FBG
fabricating efficiency.

IV. CONCLUSION

In this work, a highly efficient method for fabricating low
insertion loss mid-infrared fiber gratings is proposed, which
utilizes the thermal effect of high-frequency fs laser multi-pulses
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to achieve thermal modulation of ZBLAN fibers, thus reducing
insertion loss. Meanwhile, by utilizing the spherical aberration,
the self-focusing effect and the parallel inscribing process, the
plane-by-plane modulated grating is achieved, which further
reduces the insertion loss and enhances the FBG inscription
efficiency at a very high level. Finally, we inscribed a PI-FBG
consisting of three FBGs on a ZBLAN fiber in 2.5 minutes,
achieving 99.6% reflectivity with an IL of 0.1 dB, and the
temperature sensitivity of this type of PI-FBG was measured to
be 26.17 pm/ °C. By comparing other means of FBG inscription,
the method used in this letter is perhaps the optimal means of
inscribing high-quality mid-infrared FBGs at present, and the
PI-FBGs inscribed by this method will have profound impact
on the mid-infrared lasers, laying the foundation for further
mid-infrared applications.
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