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Abstract

In-line filters play an important role in optical sensing and mode-locked fiber lasers. Among many
different methods of in-line MZI filters, a new type of fiber-core MZI technology has attracted many
research interests. However, the current direct-writing method requires the use of a multi-line
inscription approach to increase the width of the waveguide, which will increase the difficulty of
direct writing and may also reduce the quality of the waveguide. Here, we have proposed a single-
line direct-writing method, which enables us to achieve the same MZI filtering effect with just one
scan. We also adjusted the distribution of the waveguide positions to expand its application scope.
An in-line filter with a length of 516 um that was based on MZI was successfully written directly.
MZI's free spectral range is 141.36 nm with an extinction ratio of 19.665 dB, an insertion loss of 1.122
dB, and the central wavelength of the loss dip is 1089.82 nm. When the same free spectral range was
achieved, the direct writing length was reduced by 2.4 times using this strategy. This approach
reduces the insertion loss by 2.7 times to achieve the same extinction ratio. Simulation and
experimentation are basically the same. We also measured the temperature response curve of the
MZI. Lastly, the successful achievement of this result has set the foundation for further development
of integrated mode-locked fiber lasers in the future.

Keywords: Mach-Zehnder interferometer; ultrafast laser direct writing; single-line direct writing

1. Introduction

In-line filters play an important role in optical sensing [1-5] and mode-locked fiber lasers [6].
Now, as far as we know, there are mainly five types of in-line filters, namely FBG filters [7-9], LPG
filters [10-12], Lyot filters [13], MZI filters [14-15] and Birefringence plate filter [16]. Pattern
interference is the fundamental function of MZI filters. There are two types of pattern interference:
interference between the core mode and the cladding mode and interference between the core mode
and the core mode.

Currently, there are numerous MZI solutions, including a pair of long-period fiber gratings
(LPGs) [17], segment fusing of specialty fiber [18-20], microfiber-based structures [21], mode field or
core-mismatch fusion splice [22], and in-fiber air cavities [23]. Each of these options has drawbacks.
For instance, the interference spectrum range is constrained by the LPG band width, and LPGs need
to be manufactured precisely. High contrast stripes are only produced by a small number of designs,
and specialty fiber is costly. Due to the laborious human assembly of fiber parts, fiber core lateral
mismatch or mode field fusion is difficult to do with good consistency. Devices with microfiber and
air cavities are intrinsically weak and unreliable. The core-cladding mode interference used in the
aforementioned designs typically has a complex, uneven interference spectrum and a significant
insertion loss. Furthermore, it is hard to manage their free-spectral range (FSR) precisely.

Ultrafast laser direct writing is a multifunctional tool enabling permanent modifications of
physical and chemical properties inside transparent solids, such as glass, crystal, and polymer [24-
28]. In the past, femtosecond micromachining has been used to demonstrate fiber in-line MZIs [29-
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32]. Nevertheless, the majority of these methods for directly writing MZI are multi-line direct
writing methods, which will introduce increased difficulty in direct writing and lower the quality of
MZI.

In this work, we propose a single-line direct-writing method. The operation of this approach is
straightforward and does not require sophisticated path scanning control. By using this method, we
developed an MZI-based filter with a length of 516 pm and compared it with the findings that have
already been published [30]. The direct writing length is cut by 2.4 times under the same free spectral
range, and the insertion loss is lowered by 2.7 times with the same extinction ratio. This result's
successful implementation has created a strong basis for the later development of integrated mode-
locked fiber lasers.

2. Method

The off-axial positive refractive index-modified zone (PRIMZ) is the main structure of the fiber-
core MZ], as depicted in the schematic design in Figure 1.

Coating
Cladding "
Input spectrum output spectrum
L Core

Figure 1. Schematic diagram of the all-in-fiber-core MZI

Femtosecond laser inscription modifies the refractive index of a portion of the core and cladding
with length L and width D to form the PRIMZ. The initial single-mode fiber segment is transformed
into a few-mode fiber section with the introduction of the PRIMZ. As a result, the effective refractive
index difference between various modes can produce an optical path difference (OPD) when incident
light passes through the few-mode fiber section. An MZI filter is created when these modes interfere
with one another. Following propagation across the length L of the modified fiber, the phase

difference between the fundamental mode and a higher-order mode can be roughly described as
2:m-OPD — 2mAnegrsL

=2 - (1)
where A is the wavelength of light in vacuum and n.gf is the effective refractive index difference

between the fundamental mode and the higher-order mode. Where m is an integer and the phase

difference meets the formula @=(2m+1) 7, an intensity dip is seen.
_ ZXAneff'L

An = et 2)
The OPD(An,sL)determines the interference fringe pattern's FSR in such a way that
FSR= g) ®)

The density of the comb-like transmission spectra is determined by the FSR.
The setup used for the ultrafast laser direct writing of the MZI filters in the SMF is Fig. 2.
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Figure 2. processing apparatus for optical fiber MZI filters. EM: expansion mirror; F 100, F 50, F 45: Lens; HBS:
harmonic beam splitters; HWP: half wave plate; PBS: polarization beam splitters; BS: beam splitter; OBJ: oil
immersion objective; LED: light emitting diode; CCD: charge coupled device.

An ultrafast laser (Qingdao Zimao Laser, TCR-FS-1030-20) with a center wavelength of 1030 nm,
a pulse width of 900 fs, and a repetition frequency of 200 kHz was used in our experiment. The LBO
crystal doubles the frequency, producing green light at 515 nm. The fundamental frequency light is
then filtered out using a harmonic beam splitter to guarantee that the frequency doubling light has a
main direct writing function. A segment of three-dimensional moto stage (Newport, Inc.) with a 0.1
pm resolution is fixed to a section of striped single-mode fiber (SMF, Corning, HI1060). Using an oil-
immersed objective lens (Leica, 100x, NA 1.25), the laser beam is focused into the fiber core. The fiber
was submerged in index matching oil (SHINHO, 1.47) to reduce the fiber surface’s lens effect. In
order to add MZI filters, the ultrafast laser beam is scanned parallel to the fiber axis during
manufacturing at a speed of 5 um/s. The spot size of the focused laser beam was roughly 3 um.
The laser pulse has an energy of 57.15nJ. The direct writing direction is parallel to the polarization
direction of the ultrafast laser. At the predetermined speed, scan along the optical fiber's axial
direction. In order to measure the spectral response of the MZI filters under the current conditions,
we independently constructed a wide-spectrum light source with an effective spectral width of 200
nm by using a gain fiber (LIEKKI, Yb1200-6/125DC-PM) and a single-mode pump (Mai Rui
Optoelectronics Co., LTD) with a center wavelength of 976 nm. An optical spectrum analyzer
(Yokogawa AQ-6370D) was then connected at the end of the single-mode fiber to assess the output
spectral changes in real time after it had been input into the fiber.

3. Results
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The input spectrum and transmission spectrum of the wide-spectrum light source's and the MZI
filter's transmission spectrum are displayed in Figure 3.
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Figure 3. the input spectrum, transmission spectrum of the wide-spectrum light source and the transmission
spectrum of the MZI filters.

As can be seen from the green solid line in Figure 3, the central wavelength of the loss peak is
1089.82 nm, and the central wavelength corresponding to the adjacent peak with the highest intensity
is 1019.14 nm. The extinction ratio is 19.69 dB. The wavelength spacing between the adjacent highest
and lowest points is 70.68 nm, which allows us to roughly determine that the free spectral range of
the current MZI is 141.36 nm. Substituting into formula 3, the refractive index difference can be
calculated to be 0.016. The refractive index change in reference [30] is 0.011, which is basically the
same. In figure 3, the red solid line represents the output spectrum of the self-made broadband ASE
light source, and the blue solid line represents the transmission spectrum of the broadband ASE light
source after passing through our directly-written MZI filter.

The microscopic view of the MZI filter is shown in Figure 4.

Figure 4. the microscopic view of the MZI filters; (a) the top view of the fiber core position; (b) the top view after
inputting the wide-spectrum light source.

Figure 4 shows the physical diagram of the MZI filter completed in the HI1060 optical fiber using
our method. As can be seen from Figure 4a, most of the engraved lines are inside the core of the fiber,
and a small part is in the cladding. Moreover, the uniformity before and after the engraving is good.
From Figure 4b, it can be observed that when a wide-spectrum light source is input, a significant
amount of scattered light from the MZI filter can be clearly seen, but most of the light is confined
within the waveguide. This also provides evidence that the straight-written engraved lines have
excellent waveguide properties.
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4 Simulation

In order to deeply investigate the rationality of the MZI filter we have completed, we conducted
simulations using the commercial Rsoft software. The simulation parameters are as follows: elliptical
cylindrical waveguide, length 516 um, elliptical minor axis of the cross-section 3 um, elliptical major
axis 4 um. The Gaussian beam propagates inside the optical fiber, with the core refractive index of
1.464, the cladding refractive index of 1.458, the written waveguide refractive index of 1.477, the core
diameter of 5.3 pm, and the cladding diameter of 125 um. The calculation is performed using the
BeamPROP module.

The simulation results are shown in Figure 5. The central wavelength corresponding to Figure
5a is 1.019 um, which belongs to the passband region of the MZI filter. The left figure in Figure 5a
represents the mode field distribution, and the right figure corresponds to the intensity variation
curve. A significant modulation phenomenon occurs in the waveguide region, and then it passes
through the waveguide with a relatively high transmittance. The central wavelength corresponding
to Figure 5b is 1.089 um, which belongs to the stopband region of the MZI filter. The left figure in
Figure 5b indicates that at the wavelength of 1.089 um, the mode field is basically blocked. The right
figure of Figure 5b shows the intensity variation curve with the lowest transmittance passing through
the waveguide. Figure 5c is the wavelength-dependent full-scan curve. The vertical axis represents
the normalized transmittance. The lowest transmittance wavelength corresponds to the experimental
results in Figure 3, and the entire broadband range corresponds to the wavelength range of the
broadband light source. This simulation well demonstrates the rationality of implementing MZI
using single-line direct writing waveguides.

In order to verify the temperature response characteristics of the MZI filter, we independently
constructed a measurement device, as shown in figure 6a. Figure 6b shows the temperature response
curve. To ensure the validity of the data, we collected data every 10 minutes, and for each
temperature, we collected three sets of data. As can be seen from Figure 6b, the central wavelength
shifts towards the longer wavelength direction, with a shift of 10.5 pm per degree Celsius. Therefore,
it can be applied in the field of temperature sensing. For mode-locked fiber lasers, a small temperature
drift is desirable.
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Figure 5. the interference spectra of the wave crests and troughs under the current experimental parameters, the
corresponding wavelengths of (a) are 1.019 um; (b) correspond to 1.089 um; (c) the wavelength-dependent full-

scan curve.
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Figure 6. the (a) temperature response measurement schematic diagram; SMPLS: single mode pump light source;
YDF: ytterbium doped fiber; OSA: optical spectrum analyzer., and (b) temperature response curve of the MZI
filter.

5 Discussion

Firstly, we proposed a simple single-line direct writing method, which reduced the difficulty of
multi-line direct writing in MZI and achieved the same filter depth. We also adjusted the line
distribution to be applicable to a wider range of applications. Table 1 presents the detailed
comparison results of this method with the multi-line direct writing method. It is worth noting that
we have for the first time applied this method to the HI1060 optical fiber, which will facilitate the
application of the all-fiber MZI in Tum mode-locked fiber lasers. The pulse width of the ultra-fast
laser we use is 900 fs. This will provide a valuable reference. Ultra-fast lasers with a pulse width
greater than 500 fs can still etch excellent waveguide structures. Secondly, regarding the experimental
results shown in Figure 3, if a wider broadband light source is used, more details of the transmission
spectra of the MZI filters will be observable. In our subsequent research, we will increase the
waveguide length of the MZI to reduce the value of the free spectral range, because only when the
free spectral range is less than 15nm will it be more conducive to achieving mode locking. Again, the
reason why we didn't directly write a longer MZI filter at the beginning was that the loss would
change with the increase of distance. To better demonstrate the direct writing effect of our method,
we chose an MZI whose central wavelength corresponded to the central wavelength of the
broadband light source. Finally, although our method can reduce the writing difficulty of the all-fiber
MZI, there is still much room for improvement. That is, by using a pulsed-packet laser, we can
effectively lower the thermal damage threshold. We will demonstrate this change in our subsequent
research results.

Table 1. Comparison of Different Direct Writing Methods for All-Fiber MZI.

Waveguide Waveguide Waveguide Number of Insertion Filtering Working Direct write

Ref
distribution length/mm width/pm scans loss depth range pulse width eferences

Fiber type

The core
accounts for
SMF-2ge 007 and 2 41 9 3 20 1400-1700 350 [30]
the cladding
is 0 um
thick.

The core

accounts for
25%, and
SMF-28e  the inner 5 4 4 5 - 1250-1550 350 [31]
layer of the
cladding is
2 microns.

The core
HI1060 accounts for  0.516 3 1 1.1 19.665 1000-1160 900 This work
50% and the
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cladding is
1 micron
thick.

6 Conclusions

In summary, we have proposed a single-line direct writing method, which not only reduces the
difficulty of multi-line etching of waveguides, but also achieves the same modulation effect. We first
applied this method to the HI1060 optical fiber and successfully constructed a MZI filter with a length
of 516 micrometers. To verify the rationality of the MZI filter, we conducted simulations using
commercial software, and the results were basically consistent with the experimental results. Finally,
we measured the temperature response curve of the MZI filter, demonstrating its potential
applications in temperature sensing and mode-locked fiber lasers.
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