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Abstract: An in-line fiber Michelson interferometer in a cone-shaped inwall capillary with
the whispering gallery mode microsphere resonator integrated inside is demonstrated for
enhancing the Q factor, which is fabricated on the etched capillary by the femtosecond
laser micromachining to decrease the coupling paths. The modulated symmetric WGM
resonances and asymmetric Fano resonances induced by the Michelson interferometer are
observed in the reflection spectra, with a slope of 91.87 dB/nm and Q factor as 3.85 x 10*
achieved. Numerical simulations with the transfer matrix method also validate the resonator
spectra modulated by the Michelson interference. This method shows a perspective potential
for the enhancement of the Q factor by tailoring interacting paths through the femtosecond
laser micromachining.

Index Terms: Optical fiber sensors, resonator, fiber optics, optical device fabrication.

1. Introduction

Whispering gallery mode (WGM) resonators [1], [2] are usually inherently owning symmetrical
Lorentzian line shapes, with wide application potentials in the fields of sensing [3]-[11] and las-
ing [12]-[15]. Compared to Lorentzian line shapes, asymmetrical Fano line shapes [16]-[20] and
electromagnetically induced transparency (EIT) [21] have also attracted a great level of interests.
Meanwhile, configurations for coupling the light in or out are important, critical and essential for
resonators, while the Q factor is the most significant parameter. Usually, we can utilize prism or
fiber taper to excite the WGM via the overlap of the evanescent fields [22]. The first method using
the prism coupler has a higher coupling efficient [23]. But it requires bulk components, which re-
sults into the difficulties to integrate. The other method is to control the distance between the fiber
taper and microsphere [24], while the fiber tapers are fragile. Some other schemes, such as using
free-space directly coupling method [25], [26], the D-fiber [27] or side polished fiber [28], are still
bulky and not easy to be integrated for applications. Besides coupling structures mentioned above,
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Fig. 1. (a) Schematic of the in-line fiber Michelson interferometer integrated with a WGM resonator.
(b) Process of the femtosecond laser micromachining. (c) Lots of coupling paths exist in the uninscribed
coupler. (d) Less coupling paths obtained in the inscribed coupler.

chaos-assisted broadband momentum transformation in optical microresonators is proposed and
demonstrated recently [29].

Some novel coupling structures in the form of in-line fiber couplers have been reported, which
shows the merits such as the compact size and potential for integration. A microsphere is immersed
into a chemical etched photonic crystal fiber [30], of which the coupler is robust and compact with
the Q factor of 1.58 x 10*. A polymer microsphere is encapsulated into the capillary of a micro
structured optical fiber [31], in direct contacting with the guiding core, with the Q factor of about
0.22 x 10*. An in-fiber Mach-Zehnder interferometer and WGM sphere resonator coupling structure
[32], is demonstrated by the femtosecond laser micromachining with the Q factor of about 0.54 x
10*. Recently, we propose and demonstrate a cone-shaped inwall coupler for excitation of the
WGM of a microsphere resonator, which has the advantages such as the reflective type, alignment-
free and mechanically robust [33]. Because the WGM resonator produces many touching points
between the capillary and the microsphere, there are many paths excited and therefore the Q
factor is limited. Thanks to the femtosecond laser micromachining, the coupling points would be
straightforward decreased if a rectangle notch can be inscribed on the etched capillary.

In this letter, we report an in-line fiber Michelson interferometer integrated with a WGM resonator
to enhancing the Q factor. A high-index microsphere is embedded into the in-line fiber Michelson
interferometer to excite the WGM resonances. Lorentzian line shape and Fano resonances are
observed in the reflection spectra with the Michelson interference. Less WGM paths are excited
as the existence of the notch, hence the Q factor of WGM resonance and the slopes of the Fano
resonance increase. Therefore, the device realizes an alignment free integrated lab-in-fiber platform
for WGM excitation, also achieving a solution for enhancing the Q factor.

2. Experimental Setup

Fig. 1(a) shows the schematic of the in-line fiber Michelson interferometer integrated with a WGM
resonator, which is simply fabricated by the chemically etching and femtosecond laser microma-
chining, with L o denoted as the distance from the capillary end to the coupling point. The preliminary
fabrication processes have been described in detail [33]. Then, a rectangle notch is fabricated by
the femtosecond laser micromachining [34], as shown in Fig. 1(b). A Ti: Sapphire laser pulses with
a wavelength of 800 nm, pulse width of 120 fs and repetition frequency of 1 kHz are focused on
the surface of the end of the etched capillary by the microscope objective. The numerical aperture
(NA) of the objective lens is 0.42, and the average power of pulse before entering the objective
lens is adjusted as 5 mW. The capillary is manipulated by a computer-controlled translation stage.
The route is set as a rectangle shape with the length as L and the width as d. The start point on
the surface of the capillary is away from the end of the capillary. The route is swept from the start
point to the end of the capillary with the moving speed as 3 um/s, and then move back to a new
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Fig. 2. (a) Microscope image of the cone-shaped inwall capillary after the etching. (b) Microscope image
of the etched cone-shaped inwall capillary after the femtosecond laser micromachining (L = 150 um
and d = 35 um). (c) Reflection spectra of the coupler with the inscribing length L as 0 «m (red, for the
case without the notch), 150 um (blue) and 200 um (green), respectively. The inset shows the device
illuminated by a red laser.

start point. After each route, the fabrication process repeats again, as shown in the Fig. 1(b). If
the width of the coupler is about 40 um, 8 times is necessary for the sweeping process. Finally,
the WGM coupler can be obtained and then cleaned using the ultrasonic. Both the whole process
and the sample morphology are in-situ monitored by a CCD camera in real time, which makes
the fabrication simple and precise. As shown in Fig. 1(c), massive coupling paths would form a
WGM resonance with a relative smaller Q factor. Fig. 1(d) describes the coupling paths after the
femtosecond laser inscribing and hence the Q factor increases, as the full width at half-maximum
(FWHM) decreases.

Fig. 2(a) and (b) show the microscope images of the coupler before and after the femtosecond
laser micromachining, respectively, with L as 150 um and d as 35 um. Fig. 2(c) shows the inter-
ference reflections of the coupler with the rectangle length of 0 um, 150 um and 200 xm inscribed
by the femtosecond laser system. The inset is the microscopic image of the coupler illuminated
with a red laser. It can be seen clearly that, there are bright areas on the rectangle shape, which
indicate that there are two mainly partial reflections that forms the Michelson interference pattern.
In Fig. 2(c), the red line is the reflection of the origin coupler without the femtosecond laser mi-
cromachining processing, while blue and green lines are the reflections of the inscribed coupler
with different inscribing lengths. The free spectral range FSR = Ao — A1 = A122/ (2nc5 L) [A1 and
Az in Fig. 2(c)] proves that the interference pattern is the spectrum of a Michelson cavity with the
different cavity lengths. And we can also get the normalized complex reflection ty of the Michelson
interferometer as the following [35].

y =1 (ﬁ e exp(2i8m)) (1)
2r 2n

where §,m = 2mneg L /2 is the phase difference of the Michelson interferometer. ¢ is the inscribed

angle in contrast to the whole coupler as shown in Fig. 3(c). ris the reflection coefficient at the

capillary-air interface given by r = (Ncap — Nair)/(Neap + Nair)- Neap @Nd Ny, are the refractive indices

of capillary and air, respectively. And A is the wavenumber in vacuum.

To investigate the characteristics of the coupler in details, two parameters are introduced.
The contrast ratio (CR), which indicates the difference of the ordinate values of the maximum
and minimum of the Michelson interferometer spectrum, also reveals the quality of the coupler.
The average reflection power (ARP), which describes the reflection power of the input through
the coupler, can also indicate the loss of the Michelson interferometer. Fig. 3(a) and (b) show the
couplers with the width d of 20 um and 40 um, respectively. The inset of Fig. 3(c) shows the mi-
croscope image of the cross section of the coupler in Fig. 3(a), respectively. The relationships with
sin(¢/ 2) = d/ 2R, could be obtained from the schematic image, with Ro as the inner radius of the
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Fig. 3. (a) and (b) are the devices with the inscribing width d as 20 «m and 40 um, respectively, and
L =150 um. (c) ARP and CR as functions of the width d. The inset shows the cross section of device
and definitions.

capillary. The Optical Sensing Analyzer (Si725) is used to record the changes of the ARP and CR
under different widths. The percentage of the two reflections of the Michelson interference varies
as the width d changes. As shown in Fig. 3(c), the ARP decreases as the width d increases. This
result is mainly caused by the femtosecond laser inscribing process, which converts the etched
capillary to be a Michelson Interferometer. The larger the width is, the more the inscribing area is.
When the input passes through the coupler and reflects back, the power has more loss, so the
APR decreases. d = 0 indicates that the capillary has not been inscribed, and the optical loss is
lower than the inscribed devices. The CR increases as the width d increases. The reason is that,
the scale of the one reflective light path increases, and the other path decreases in the Michelson
interferometer as the width d increases. The interference between the two light paths reaches its
maximum value theoretically when ¢ =

3. Results and Analysis

The previous work has modeled and investigated the Fano resonances in the cone-shaped inwall
capillary based microsphere resonator [33], [36], using the normalized reflection with the transfer
matrix method (TMM). Similarly, the transmission model here can be modified as there exists a
Michelson interference with two parts, of which the normalized reflection Ty can be rebuilt as the

following.
2 2
27— 2¢ t — ttp? , JTk?p ¢ ([ t—1p?
ojsy - V" P L
2 (r<1 - rt2p2> exp(213) 1 — 12p2 + 2nr 1 — 1tp?

Tg =

2

exp(2i8) + %r(exp(2i5 — 2i8,)) @)

where ¢/27 is the ratio of the inscribing part relative to the whole capillary. § is the phase difference
induced by the distance L. t and k are the transmission coefficient and coupling coefficient of
the capillary-resonator system. z is the resonator round-trip transmission coefficient. p is halfway
phase factor satisfying p = exp(i27°neR/A). nerr and R is the effective index and the radius of the
microsphere.

Theoretical analysis can be performed based on the model described by (2). As seen in
Fig. 4(a), there are two parts in the model of (2), where @ and (3 correspond to the model of
Fig. 4(b), of which the theory has been investigated. (Hand (@correspond to the model of Fig. 4(c),
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Fig. 4. (a) The cross section of the modeling. (b) and (c) are the schematics of the two parts in (2).
(d) Variation of the reflection spectra with ¢ from 0 to 180 degree.

which is the Michelson model with a microsphere. Simulation parameters are chosen as r = 0.2,
L =200um, Lo =30 m and ¢ from 0 to 180 degree. Fig. 4(d) shows the variations of the re-
flection spectra with variations of ¢ under t = r = 0.9998. Firstly, the resonance with different line
shapes are superimposed on the background of Michelson interference pattern. Secondly, the CR
of the Michelson resonance increases with the ¢ increasing which agrees well with the experiments
in Fig. 2(c). Theoretically, the coupling paths decreases as the width d increases, and the WGM
has higher Q factor.

In the demonstration experiment, the microsphere is made of Barium Titanite glass with a refrac-
tive index as 1.93, of which the diameter is around 45 um. This makes it easily inset into the end of
the coupler but not achieve the side of rectangle notch. In the process of insetting the microsphere,
one of the six-axis translation stage is used to fix the coupler and another is to fix a fiber taper
adhering the high refractive index microsphere. Then we move the second six-axis translation stage
to the first one and insert the microsphere into the end face of the coupler precisely. Fig. 5(a) shows
the microscope image of fiber taper adhering the high refractive index microsphere. After removing
the fiber taper, the microsphere remains stable inside the coupler, as shown in Fig. 5(b). Fig. 5(c)
is the microscope image of the coupler illuminated with a red laser. No changes are observed in
the reflection spectrum when the microsphere is not closely fitted in the capillary. When the mi-
crosphere is inserted into the coupler firmly, we could observe the spectrum changing through the
Optical Sensing Analyzer in real time, while the whole process is monitored by a CCD camera.

The Optical Sensing Analyzer inherently contains a tunable laser, a circulator and an optical
spectrum analyzer. The wavelength range is from 1510 nm to 1590 nm, and the resolution is 5 pm.
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Fig. 5. (a) Microscope image of fiber taper adhering a high refractive index microsphere. (b) Microsphere
inserted into the coupler. (c) Microscope image of the coupler illuminated with a red laser.
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Fig. 6. Reflection spectra of the devices with different inscribing Michelson interferometer lengths and
widths. (a) L =150um, d=40um. (b) L =200 m, d =40 m. (c) L =200um, d =35 um. (d)
and (e) Asymmetric Fano resonances with slopes as —83.42 dB/nm and 91.87 dB/nm, respectively.
(f) Symmetric Lorentzian line shape with the Q factor of 3.85 x 10%.

Fig. 6(a) and (b) show the reflection spectra when the couplers of the inscribed length of 150 xm
and 200 um, while widths are the same as 40 um. In the reflection spectra, the WGM of the
microsphere is excited and modified by the Michelson interference pattern. Not only the symmetric
Lorentzian line shapes, but also the asymmetric Fano resonances at different wavelength can be
observed, which agree well with the theoretical simulation. The average reflection power decreases
when the Michelson interferometer length increases. The longer the inscribing length is, the more
the inscribing area is, and the average reflection power would decrease. Fig. 6(b) and (c) show
the reflection spectra when the couplers of the inscribed widths of 40 um and 35 um, respectively,
while their inscribing lengths are both 200 um. The width of 40 um has larger loss but higher Q
factors and higher slopes can be obtained. This comparison dedicates that appropriately increasing
width could decrease the coupling paths effectively, which increases the Q factor and the slope
of the Fano resonance. However, the loss would increase when the inscribing width increases,
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which suggests that there is a trade-off between the loss and the Q factor. Fig. 6(d)—(f) are the
magnifications in spectra of three typical cases. Fig. 6(d) shows the asymmetric Fano resonance
with the slope as —83.42 dB/nm. Fig. 6(e) shows the asymmetric Fano resonance with the slope
as 91.87 dB/nm. Fig. 6(f) shows the symmetric Lorentzian line shape with the FWHM of 0.0544
nm and Q factor of 3.85 x 10*. Compared with the Q factor and slope, the enhancement by the
femtosecond laser micromachining is demonstrated and verified.

4. Conclusion

In conclusion, we have presented an in-line fiber Michelson interferometer integrated with a WGM
resonator, which is fabricated by chemical etching and femtosecond laser micromachining. The
advantages of introducing the rectangular notch is to decrease the coupling paths of WGM from
capillary to microsphere. The experiment results prove the theory analysis based on the transfer
matrix method. The slope of 91.87 dB/nm and Q factor with 3.85 x 10* are achieved in the
reflection spectra, which demonstrate the potential of decreasing the coupling paths for enhancing
the Q factor, compared to the work without femtosecond laser micromachining process [33]. The
Q factor can be also greatly enhanced by replacing the microsphere with a microdisk [7], as there
is only one narrow orbital coupling path, which would also further improve the characteristics of
cone-shaped inwall capillary-based microsphere resonators in applications of sensing and lasing.
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