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We demonstrate the fabrication of single-mode helical Bragg grating waveguides (HBGWs) in a multimode core-
less fiber by using a femtosecond laser direct writing technique. This approach provides a single-step method for
creating Bragg grating waveguides. Specifically, the unique helical structure in such an HBGW serves as a de-
pressed cladding waveguide and also generates strong Bragg resonance due to its periodicity. Effects of pulse
energy, helical diameter, and helical pitch used for fabricating HBGWs were studied, and a single-mode
HBGW with a narrow bandwidth of 0.43 nm and a Bragg wavelength of 1546.50 nm was achieved by using
appropriate parameters, including a diameter of 10 μm and a helical pitch of 1.07 μm. The measured cross-
sectional refractive index profile indicates that a depressed cladding waveguide has been created in this
single-mode HBGW. Moreover, five single-mode HBGWs with various Bragg wavelengths were successfully fab-
ricated by controlling the helical pitch, and this technique could be used for achieving a wavelength-division-
multiplexed HBGW array. Then, the temperature and strain responses of the fabricated single-mode HBGWwere
tested, exhibiting a temperature sensitivity of 11.65 pm/°C and a strain sensitivity of 1.29 pm/με, respectively. In
addition, the thermal stability of the single-mode HBGW was also studied by annealing at a high temperature of
700°C for 15 h. The degeneration of the single-mode waveguide into a multimode waveguide was observed during
the isothermal annealing process, and the peak reflection and the Bragg wavelength of the fundamental mode
exhibited a decrease of ∼7 dB and a “blue” shift of 0.36 nm. Hence, such a femtosecond laser directly written
single-mode HBGW could be used in many applications, such as sapphire fiber sensors, photonic integrated
circuits, and monolithic waveguide lasers. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.434719

1. INTRODUCTION

Bragg gratings have been playing vital roles in modern optics
and photonics. They are formed by a series of submicrometer-
scale periodic structures created in optical fiber or planar wave-
guides and are widely used as optical filters or reflectors in many
areas, such as optical networks, fiber lasers, fiber sensors, and
all-optical signal processors [1–4]. The femtosecond laser di-
rect-writing technique is a powerful tool for creating functional
devices (such as gratings and waveguides) inside transparent op-
tical materials due to its ultrashort pulse duration, ultrahigh
peak intensity, and high flexibility in device patterning
[5–8]. The femtosecond laser introduces localized micromodi-
fication in single crystals, bulk glasses, optical fibers, or semi-
conductor chips, and can result in permanent refractive index

changes in these optical materials. As such, Bragg gratings con-
sisting of periodic refractive index modulation structures could
be created by using such a femtosecond laser direct-
writing method [8]. This method exhibits significant advan-
tages in the fabrication flexibility and stability over other Bragg
grating fabrication methods. For example, the femtosecond la-
ser phase-mask method is widely used for producing high-qual-
ity fiber Bragg gratings (FBGs). However, it is difficult to
fabricate Bragg gratings with various wavelengths or complex
spectral shapes by using one phase mask [9–11]. Another ap-
proach for Bragg grating inscription is based on a femtosecond
laser Talbot interferometer, which can be developed for fabri-
cating a wavelength-division-multiplexed (WDM) FBG array
by tuning the included angle of incident beams [12,13].
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However, the fabrication process requires both high stability
and high accuracy, as the extremely short pulse width requires
a path difference within a few micrometers [12]. Consequently,
the femtosecond laser direct-writing technique becomes the
most promising way for Bragg grating inscription and has been
widely studied at present. To date, several femtosecond laser
direct-writing methods (point-by-point [14–16], line-by-line
[17–20], plane-by-plane [21], continuous core scanning [22],
using filaments [23,24]) have been demonstrated for fabricat-
ing various high-quality single-mode Bragg gratings, including
specialty Bragg gratings with complex spectral shapes (i.e., apo-
dized [25], chirped [26], phase-shifted [27], and sampled
gratings [28]).

Multimode waveguides, especially multimode fibers
(MMFs), are deployed in many scientific and industrial appli-
cations, such as astronomical signal filtering [3], spatial-
division-multiplexed (SDM) transmission [29], high-energy
supercontinuum generation [30], single-fiber imaging [31],
3D holographic optical manipulation [32], and high temper-
ature sensing (based on multimode single-crystal sapphire
fibers) [33]. In general, Bragg gratings in MMFs typically have
a poor spectral quality with broadened reflection peaks due to
the multimode coupling in MMFs [33,34]. The broad reflec-
tion peaks in Bragg gratings will either deteriorate the sensing
accuracy [18] or reduce the filtering fineness [35]. However,
how to create high-quality Bragg gratings in MMFs remains
an obstacle. Hence, a single-mode Bragg grating waveguide
(BGW), which consists of a Bragg grating and a single-mode
optical waveguide, was proposed to overcome this problem. For
example, in 2006, the researchers at Macquarie University
fabricated a single-mode BGW by writing a single-mode wave-
guide in bulk fused silica at first and then writing a second-
order Bragg grating on the waveguide [36]. Subsequently, in
2007, the researchers at the University of Toronto achieved
a first-order BGW via a single-scan writing process by modu-
lating a high-repetition-rate femtosecond fiber laser with an
external modulator [37]. This approach was then developed
for creating single-mode BGWs with complex refractive index
profiles, such as phase-shifted, chirped, and apodized BGWs
[38–40]. Note that these single-mode BGWs are Type I wave-
guides located at the laser-induced tracks, which were formed
by positive refractive index changes. Moreover, beam-shaping
methods based on additional optical setups [i.e., slit, cylindrical
lenses, grating pairs, and spatial light modulators (SLMs)] have
been proposed to create symmetric waveguides with circular
cross sections, which is beneficial for improving the transmis-
sion properties of the waveguide [41–44].

Type II waveguides, based on negative refractive index
changes, have also been widely studied [7]. A conventional
strategy for fabricating Type II waveguides is to construct de-
pressed claddings in various geometries (i.e., double lines,
multiple lines, and ring-shaped layer), which are fabricated
via multiple scans [45–51]. The double-line-based waveguide
can merely support the propagation of a certain polarization
mode [45,46]. Moreover, the optical confinement can be en-
hanced by adding more tracks in the cladding layer [47–51].
Nevertheless, it is time-consuming for inscribing a large num-
ber of tracks. Therefore, a femtosecond laser direct-writing

method with a consecutive helical trajectory was proposed
for rapid fabricating of Type II waveguides, in which fully en-
closed cross sections could be obtained [52,53]. In addition, a
single-scan direct-writing method with annular ring-shaped fo-
cal intensity distribution was reported for efficient fabrication
of Type II waveguides [54]. In general, Type II waveguides can
have improved transmission loss and thermal stability [5,7].
However, there are no reports on the fabrication of a Type II
single-mode BGW at present.

In this paper, we report for the first time, to the best of our
knowledge, a new method for creating Type II single-mode
BGWs by using femtosecond laser direct writing in a single-
scan process with a helical trajectory. The inscribed helical
structure serves both as a depressed cladding waveguide and
as a Bragg grating, and leads to a helical BGW (HBGW).
The influences of pulse energy, helical diameter, and helical
pitch for fabricating HBGWs were studied, and a single-mode
HBGW was achieved in a multimode coreless fiber after opti-
mizing the writing parameters. The cross-sectional refractive
index profile of the HBGW indicates a depressed cladding
waveguide has been created in the fabricated HBGW.
Moreover, single-mode HBGWs with various pitches were also
fabricated by using this method. Hence, a WDMHBGW array
can be achieved. In addition, the temperature and strain re-
sponses of the HBGWs were also tested, exhibiting a temper-
ature sensitivity of 11.65 pm/°C and a strain sensitivity of
1.29 pm/με. And then, a long-term high-temperature study
of the fabricated single-mode HBGW was performed, and
the result shows that the fundamental mode cannot withstand
a high temperature of 700°C.

2. DEVICE FABRICATION AND
CHARACTERIZATION

As shown in Fig. 1, the proposed HBGW device was fabricated
by using an Yb:KGW [KGd�WO3�] femtosecond laser
(Pharos, Light Conversion) with a wavelength of 514 nm, a
pulse width of 290 fs, and a repetition rate of 200 kHz as
the laser source. A 63× Zeiss oil-immersion objective with a
numerical aperture (N.A.) of 1.40 was used as the focusing
element. Note that the objective with a higher N.A. is beneficial
for the formation of symmetric refractive index changes.
Moreover, a commercial multimode coreless silica fiber

Fig. 1. Schematic of an HBGW created in coreless fiber by femto-
second laser direct-writing technique. Insets: (a) schematic in cross-
sectional view of the HBGW; (b) side-view microscope image of a
fabricated HBGW sample with a diameter of 10 μm.
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(Thorlabs, FG125LA) was used for fabricating HBGWs. Such
a coreless fiber is made of pure silica. And then, the refractive
index matching oil was applied between the coreless fiber and
objective to reduce the aberration at the silica/air interface. An
assembled three-axis air-bearing translation stage (Aerotech,
ABL15010, ANT130LZS, and ANT130V-5) was used to pre-
cisely translate the coreless fiber.

The process for fabricating an HBGW in the coreless fiber is
also illustrated in Fig. 1. At first, the coreless fiber with a length
of 2 mm was spliced with two segments of single-mode fiber
(SMF, Corning, G652D). Then, the spliced coreless fiber was
mounted on the 3D translation stage with a pair of fiber hold-
ers. The axial direction of the coreless fiber was adjusted parallel
to the translation along the z axis. Subsequently, the shutter was
opened, and the femtosecond laser beam was focused into the
coreless fiber. In this process, the coreless fiber was translated in
a helical trajectory via synchronous movements along the x, y,
and z axes, and a helical structure was hence created in the core-
less fiber. As shown in the inset (a) of Fig. 1, the cross section of
the helical structure is annular, which serves as a depressed clad-
ding. Moreover, as shown in the inset (b) of Fig. 1, the helical
trajectory provides a periodic structure with a diameter of
10 μm and a helical pitch of 1.07 μm, which can yield a sec-
ond-order Bragg grating resonance in the telecommunication
C-band.

We characterized the optical properties, including the near-
field profile of transmission mode, reflection spectra, and
polarization-resolved transmission spectra, of the fabricated
HBGWs by using the experimental setup illustrated in Fig. 2.
At first, the near-field profiles of transmission mode in HBGWs
were measured by using the optical path 1. A linearly polarized
laser beam was generated from a tunable laser (Keysight,
81940A, with central wavelength set to be 1547.50 nm)
and a polarization synthesizer (Keysight, N7786B) and inci-
dent on the sample under test. A mode observation system con-
sisting of lens and CCD (Newport, LBP2-HR-IR2) was set up
to measure the near-field profiles. A variable optical attenuator
(VOA) was used to avoid saturation of infrared CCD pixels.
And then, the reflection spectra of HBGWs were measured
by using the optical path 2, which consists of a tunable laser
and an optical power meter (Keysight, N7744A). The polari-
zation-resolved transmission spectra of HBGWs were measured
by using the optical path 3, i.e., a Muller-matrix-based polari-
zation analyzer consisting of a tunable laser, a polarization
synthesizer, and an optical power meter.

At first, we fabricated three HBGW samples, S1, S2, and
S3, with decreasing helical diameters of 30, 20, and 10 μm us-
ing the same pulse energy of 26.5 nJ. These HBGWs have the
same helical pitch of 1.07 μm and the same length of 2 mm. As
shown in Figs. 3(a1)–3(a3) and 3(b1)–3(b3), ring-shaped in-
scription patterns have been created in the fabricated HBGW
cross sections, and periodic Bragg grating structures can be seen
from the side view. In the case of S1 [HBGWwith a large diam-
eter of 30 μm, as shown in Figs. 3(a1) and 3(b1)], multimode
operation could be seen from the near-field profile of the trans-
mission mode shown in Fig. 3(c1) and the reflection spectrum
shown in Fig. 3(d1), in which a Bragg resonance with a broad
−3 dB bandwidth of 1.80 nm is exhibited. Moreover, in the
case of S2 [HBGW with a reduced diameter of 20 μm, as
shown in Figs. 3(a2) and 3(b2)], higher-order modes could
be suppressed partially, and its reflection spectrum exhibits a
reduced bandwidth of 0.69 nm, as shown in Fig. 3(d2). Then,
in the case of S3 [HBGW with a small diameter of 10 μm, as
shown in Figs. 3(a3) and 3(b3)], a pure fundamental mode
(LP01) is observed in Fig. 3(c3), and the reflection spectrum
exhibits a single-mode Bragg resonance with a narrow band-
width of 0.43 nm, as shown in Fig. 3(d3). As a result, a sin-
gle-mode HBGW with a Bragg wavelength of ∼1546.50 nm
was successfully created in a multimode coreless fiber.

The polarization-resolved transmission spectra of the fabri-
cated single-mode HBGW sample S3 were studied via the
setup shown in path 3 of Fig. 2. As shown in Fig. 4, the trans-
mission spectra of two orthogonal polarization modes (i.e., x
and y polarizations) of the HBGW S3 exhibit a Bragg wave-
length separation of 102 pm, which corresponds to a birefrin-
gence of 9.5 × 10−5. Moreover, the Bragg dip attenuation in x
and y polarizations is 26.49, and 20.94 dB, respectively, which
corresponds to a reflectivity of 99.78% and 99.19%. The out-
of-band insertion loss in x and y polarizations is 10.28 and
5.44 dB, respectively. Note that the discrepancy in the insertion
loss of two orthogonal polarizations may result from the asym-
metric refractive index distributions in the fabricated HBGW.
Additionally, as shown in the inset of Fig. 3(c3), the near-field
profile of transmission mode in the fabricated single-mode
HBGW S3 exhibits an area of 15.4 μm × 13.1 μm, which is
much larger than that in the lead-in and lead-out SMF (i.e.,
∼10.4 μm × 10.4 μm). Hence, the mode-field diameter mis-
match between the SMF and the HBGW S3 generates a large
insertion loss in the transmission spectrum, which could be re-
duced by further optimization.

We measured the refractive index distribution in the fabri-
cated HBGW S3 by using digital holographic microscopy
(SHR-1602, index accuracy: 10−4) fabricated by Shanghai
University, China. In this equipment, the optimal digital holo-
gram was obtained from the phase projection distribution of
the test fiber, and the refractive index distribution in the fiber
was calculated by using an angular spectrum theory-based al-
gorithm and a filtered backprojection algorithm [55]. As shown
in Fig. 5(a), a step-index profile with positive and negative re-
fractive index changes could be seen in the cross-sectional re-
fractive index distribution. It could be found from Fig. 5(b)
that the maximum positive and negative refractive index
changes are 2 × 10−3 and −1 × 10−2, respectively, which could

Fig. 2. Schematics of the experimental setup for characterizing the
optical properties, including the near-field profile of transmission
modes, reflection spectra, and polarization-resolved transmission spec-
tra, of the fabricated HBGWs.
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ensure the optical confinement in the HBGW. However, as the
black dotted circle illustrates in Fig. 5(b), the guiding region is
not completely enclosed, and hence leads to a larger insertion

loss in the x polarization. In addition, the cross section of the
refractive index changes is not circularly symmetric, which can
result in a high birefringence. Moreover, the asymmetric refrac-
tive index profile also leads to an increase in cladding mode
resonance (including the “ghost” mode, as shown in Fig. 4)
[56]. It is obvious that such a refractive index distribution is
asymmetric, since the index modulation area created by femto-
second laser direct writing has been elongated along the propa-
gation direction. This problem can be solved by using beam-
shaping methods (slits, cylindrical lenses, grating pairs, or
SLMs) [41–44].

Subsequently, we fabricated three other HBGW samples
(i.e., S4–S6) by using the femtosecond laser helical direct-
writing technique with increasing pulse energy of 17.9, 26.5,
and 34.1 nJ, respectively. The HBGW samples S4–S6 have the
same helical pitch of 1.07 μm, the same helical diameter of
10 μm, and the same grating length of 2 mm. As shown in
Figs. 6(a1)–6(a3), the reflectivity increases and the peak wave-
length shifts toward a longer wavelength (i.e., a “red” shift) with
an increasing writing pulse energy. Note that a single-mode
HBGW (i.e., S5) could be achieved only by using appropriate
laser pulse energy of 26.5 nJ. Low pulse energy leads to inad-
equate reflectivity in the HBGW S4 [as shown in Fig. 6(a1)],
whereas high pulse energy leads to a broad reflection peak in the
HBGW S6 [as shown in Fig. 6(a3)], since a larger refractive
index change can result in more propagation modes in the
waveguide.

We fabricated three more HBGWs (i.e., S7–S9) with an
increasing helical pitch of 1.06, 1.07, and 1.08 μm, respec-
tively. The HBGWs S7–S9 were fabricated by using the same
pulse energy of 21 nJ, the same helical diameter of 10 μm, and
the same length of 2 mm. As shown in Figs. 6(b1)–6(b3), three

Fig. 3. Microscope images, transmission modes, and reflection spectra of three fabricated HBGW samples S1, S2, and S3 with decreasing diam-
eters of 30, 20, and 10 μm, respectively. (a) Cross-sectional and (b) side view microscope images of S1–S3; (c) near-field profiles of transmission
mode in S1–S3 at the resonant wavelength of 1547.50 nm; (d) corresponding reflection spectra of S1–S3.

Fig. 4. Transmission spectra of two orthogonal linear polarization
modes (x and y) in the single-mode HBGW S3.

Fig. 5. Refractive index distribution in the cross section of the fab-
ricated single-mode HBGW S3. (a) 3D view and (b) 2D view.
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HBGWs exhibit a similar peak reflective intensity of −60 dBm.
However, the HBGWs S7 and S8 are in single-mode operation
with a narrow bandwidth of 0.32 nm, whereas S9 is in
multimode operation with a broad bandwidth of 0.72 nm.
Moreover, it should be noted that the higher-order modes lo-
cated at the shorter wavelengths in the reflection spectrum are
significantly increased, as illustrated in Fig. 6(b3). This may
result from the decrease in the averaged refractive index in
the fabricated HBGW in case the helical pitch was increased,
and hence leads to the degeneration from a single-mode wave-
guide into a multimode waveguide. Consequently, single-mode
HBGWs can be created by using appropriate parameters, in-
cluding a pulse energy of 26.5 nJ, a helical diameter of 10 μm,
and a helical pitch of 1.07 μm.

Furthermore, we fabricated single-mode HBGWs with
different Bragg wavelengths by simply controlling the helical
grating pitches and using appropriate pulse energies. Five
single-mode HBGWs (S10–S14) with increasing pitches of
1.04, 1.05, 1.06, 1.07, and 1.08 μm were fabricated by using
corresponding pulse energies of 21, 21.5, 23, 26, and 27.5 nJ,
respectively. Note that the same helical diameter of 10 μm and
the same grating length of 2 mm were used. Moreover, increas-
ing pulse energy was used for inscribing HBGW with an in-
creasing helical pitch, and hence a larger refractive index
change could be formed to ensure a single-mode operation

in the HBGW. As shown in Fig. 7, five single-mode
HBGWs (S10–S14) are fabricated with distinct Bragg wave-
lengths of 1503.76, 1517.94, 1532.32, 1546.84, and
1561.39 nm, respectively. Each HBGW exhibits single-mode
Bragg resonance with a narrow bandwidth of below 0.5 nm.
The results demonstrate the proposed method has an excellent
flexibility in tuning the Bragg wavelength like other femtosec-
ond laser direct-writing techniques, and hence could be used
for creating a WDM single-mode HBGWs array.

3. TEMPERATURE AND STRAIN RESPONSES

We further investigated the temperature and strain responses of
the fabricated single-mode HBGW, which has a helical diam-
eter of 10 μm, a helical pitch of 1.07 μm, and a grating length
of 2 mm. The temperature response was evaluated by placing
the sample in a high-precision column oven (LCO 102) with
an accuracy of 0.1°C. The temperature was varied from room
temperature to 100°C and was maintained for 20 min at each
measurement point. As shown in Fig. 8(a), the Bragg wave-
length of the HBGW exhibits a “red” shift with an increasing
temperature and a “blue” shift with a decreasing temperature.
The measured temperature sensitivities in the heating and
cooling processes are 11.65 and 11.58 pm/°C, respectively.
Furthermore, the strain response of the single-mode HBGW
was tested by fixing one end of the HBGW and stretching
the other end fixed on a translation stage. When the tensile
strain applied on the HBGW sample was cycled between
0 and 1000 με, as shown in Fig. 8(b), the Bragg wavelength
exhibits a “red” shift with an increasing strain and a “blue” shift

Fig. 6. (a) Reflection spectra of the HBGWs S4–S6 fabricated with
increasing pulse energies, and (b) reflection spectra of the HBGWs
S7–S9 fabricated with increasing grating pitches.

Fig. 7. Five single-mode HBGWs (S10–S14) with distinct Bragg
wavelengths fabricated with increasing helical pitches (1.04, 1.05,
1.06, 1.07, and 1.08 μm) and corresponding pulse energies (21,
21.5, 23, 26, and 27.5 nJ).

Fig. 8. (a) Measured Bragg wavelength of the fabricated single-
mode HBGW as a function of increasing and decreasing temperature
ranging from 18 to 100°C, and (b) measured Bragg wavelength of the
single-mode HBGW as a function of increasing and decreasing strain
ranging from 0 to 1000 με.
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with a decreasing strain. The strain sensitivity is 1.29 pm/με.
These results agree well with conventional FBGs inscribed on
single-mode silica fibers.

Finally, we investigated the thermal stability of the single-
mode HBGW via a high temperature test in a tube furnace
(Carbolite GERO EHC12-450B). The sample was placed in
the furnace center, which has a uniform temperature field
within a length of 90 mm and an accuracy of �5°C. An em-
bedded N-type thermocouple was used to record the temper-
ature. The sample was isothermally annealed at 700°C for 15 h.
In the annealing process, the reflection spectra of the sample
were measured every 30 min. After annealing at 700°C for
15 h, the Bragg resonance at fundamental mode (i.e., peak
wavelength in the reflection spectrum) decreases drastically, but
the higher-order mode resonances (at shorter wavelengths in
the reflection spectrum) decrease slightly, as shown in Fig. 9(a).
Additionally, the peak reflection of the HBGW decreases by
∼7 dB and the Bragg wavelength exhibits a “blue” shift of
0.36 nm, as shown in Fig. 9(b). This could be explained by
different formation mechanisms and thermal stabilities of
two types of refractive index changes [5,57] formed in the fab-
ricated single-mode HBGW, i.e., the negative index change
and the positive index change, as shown in Fig. 5(b).
Specifically, the negative index change is formed by a femtosec-
ond laser-induced microexplosion, which triggers shock and
rarefaction waves and is a permanently damaged area. Such
a negative index change can withstand a high temperature.
In contrast, the positive index change is formed by the accu-
mulation of internal tensile stress, which can be released via
thermal decomposition. Therefore, the positive refractive index
change formed inside the helical structure was erased during the
high-temperature annealing, leading to a “blue” shift in the
Bragg wavelength and the degeneration of the single-mode
HBGW into a multimode waveguide.

4. CONCLUSION

We have proposed and demonstrated a novel single-step ap-
proach for creating single-mode BGWs based on a helical tra-
jectory directly written in a multimode coreless fiber with a
femtosecond laser. The depressed cladding waveguide was
formed by the helical structure, and Bragg grating resonance
can be generated, since such a device has periodicity. The
influences of helical diameter, helical pitch, and pulse energy

on the optical properties of the fabricated HBGWs were exper-
imentally studied, and a single-mode HBGW with a high re-
flectivity of up to 99.78%, a narrow bandwidth of 0.43 nm,
and a Bragg wavelength of 1546.50 nm, was successfully
created. Five single-mode HBGWs with different Bragg wave-
lengths were also fabricated in the coreless fiber. Additionally,
the temperature and strain responses of single-mode HBGWs
were investigated. Such HBGWs exhibit a temperature sensi-
tivity of 11.65 pm/°C and a strain sensitivity of 1.29 pm/με.
Furthermore, the annealing test of single-mode HBGWs shows
the fundamental mode cannot withstand a high temperature of
700°C. Therefore, the proposed femtosecond laser helical di-
rect-writing method is very suitable for fabricating single-mode
BGWs in many industrial applications, such as multimode sap-
phire fiber sensors, silicon-based photonic integrated circuits,
and monolithic waveguide lasers.
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