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Abstract 
We designed and fabricated a smart microcavity sensor with a vertically coupled 
structure on the end face of a multi-core fiber using two-photon lithography 
technology. The influence of gap in vertical coupling structure on the reson-
ance characteristics of bonding and anti-bonding modes in the transmission 
spectrum was studied through simulation and experiments. The results indi-
cate that the bonding and anti-bonding modes generated by the vertical 
coupling of the two microcavities, as well as the changes in the radius and re-
fractive index of the micro-toroid, and the distance between the microcavities 
caused by the absorption of vapor during the gas sensing process, exhibit dif-
ferent wavelength shifts for the two resonant modes. Smart microcavity sen-
sors exhibit sensitivity and sensing characteristics. 
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1. Introduction 

“Lab on fiber” technology is an important branch of fiber optic sensing and mi-
cro-nano optics, as well as an important pathway for developing and manufac-
turing high-performance optoelectronic devices [1] [2]. Furthermore, the two- 
photon polymerization laser direct writing 3D printing technology makes use of 
the characteristics of the two-photon absorption process, which has good pene-
trability to materials and high spatial selectivity [3] [4]. The main advantage of 
this technology is that it can accurately locate three-dimensional structures and 
produce high-quality three-dimensional microstructures with high resolution 
[5] [6]. At present, this technology is becoming an important means of micro- 
fabrication, driving the development of manufacturing complex micro nano de-
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vices. The use of two-photon lithography technology to prepare and construct 
micro-nano optical structures on the fiber end face is an effective way to achieve 
lab on fiber. 

On the other hand, optical confinement with nanoscale regions can greatly 
improve sensitivity and compact optoelectronic devices [7]. The dual coupled 
microcavity structure with an air gap can limit the evanescent field to the low 
refractive index region, enhance the overlap range of mode fields and the sensi-
tivity to material perception. This type of slot structure has enormous potential 
in many applications such as sensing, nonlinear optics, and nanomanipulation 
[8] [9] [10] [11]. Meanwhile, the optical microcavity based on the whispering- 
gallery-mode is widely used in sensing because of its small size, low cost and 
portability [12] [13] [14]. How to further improve the sensing sensitivity of or-
ganic vapor micro nano sensing devices based on fiber end coupling is an im-
portant research topic in the field of fiber optic sensing. On the one hand, find-
ing device design configurations and sensing mechanisms with better sensing 
performance is of great theoretical significance. On the other hand, developing 
new preparation processes for novel sensing configurations in experiments has 
practical value [15]. 

In this paper, we report our work on the design, fabrication, and vapor sens-
ing characterization of a smart microcavity with vertical coupling integrated on 
the end facet of a seven-core optical fiber. By utilizing the dual layer coupled 
microcavities to support bonding and anti-bonding whispering-gallery-mode, 
and with different gaps between the dual layer coupled microcavities, the two 
modes shift towards short and long wavelengths to achieve improved sensing 
sensitivity. 

2. Structure Design and Simulation Analysis 
2.1. Microsensor Configuration on the Tip of Fiber 

Here, we demonstrate a microcavity sensor on the tip of seven core fiber (see 
Figure 1). The structure is consisting of a pair of vertically stacked micro-toroid 
(IPL-780 photoresist) separated by a nanoscale gap, and forms a horizontal 
air-waveguide. The micro-pillars, the micro-prisms, the micro-tapper, and the 
micro-waveguides form an optical input and output channels. The two mi-
cro-pillars are exactly located on the two alternating cores of the seven-core opt-
ical fiber, the micro-toroid is held by a pedestal, and the micro-waveguide is 
supported by connected a micro-ring. The purpose is to avoid significant defor-
mation caused by the suspension of the micro-toroid in the air, and to minimize 
the degree of deformation of the waveguide caused by surface tension during the 
development process. 

The main parameters of the micro-cavity are as follows. The gap between the 
micro-toroid and the micro-waveguide is 0.5 μm. The outer radius of the mi-
cro-toroid is 18.5 μm, the inner radius is 12 μm, the width is 6.5 μm, respective-
ly. The parameters of the upper and lower micro-toroid are the same. The  
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Figure 1. Schematic of the vertically coupled micro-toroid cavity sensor on the end face of seven-core optical fiber. (a) 
Schematic of the structure before entering the steam. (b) Schematic of the structure after leaving the steam. In the inset, 
the left image shows the optical profile distribution of the micro-toroid cavity, the middle is a diagram of the resonance 
mode spectrum, and the right image is an enlarged view of the details of the micro-toroid cavity. 

 
thickness of the lower micro-toroid is 1 μm, the thickness of the upper micro-
cavity is 1.5 μm. In addition, the radius of the micro-ring supporting the wave-
guide is 3.5 μm. The index of the micro-cavity is 1.52. 

Part of the laser in the waveguide is coupled into the micro-toroid cavity, with 
another part of the optical coupling entering the micro-ring cavity. The whis-
pering-gallery-mode (WGM) microcavity excited resonance peak. The band-
width with a relatively small radius is larger, and with the large radius is smaller. 
The transmission spectrum shows that the resonance peak with larger band-
width is superimposed with the narrower resonance peak. The narrow resonance 
peak has higher Q value and greater sensitivity. 

2.2. Numerical Simulation Analysis 

In order to investigate the mode profile distribution and optical characteristics of 
vertically coupled micro-toroid cavities, we used COMSOL to simulate the dy-
namic changes of microcavities during the sensing process. The cross-sectional 
view of the model is shown in the inset in the upper right corner of Figure 1. 

According to the simulation results, when the gap between two microcavities 
is small enough for vertical optical coupling. As a result of the coupling, the 
transverse mode profile splits into bonding and anti-bonding modes combina-
tion. The inset in Figure 1 shows the mode profile of the first-order (q = 1), the 
second-order (q = 2) and the third-order (q = 3), respectively. Bonding modes 
attract and anti-bonding modes repulsive. In the process of vapor sensing, as the 
vapor concentration increases, the vertically coupled micro-toroid approach 
each other. The micro-toroid is far away from each other while the concentra-
tion decreases. The resonance peaks are far away from each other and close to 
each other in the spectrum. In the transmission spectrum, the resonance peaks 
show that attractive and repulsive, respectively. Figure 1(a) to Figure 1(b) show 
the forward process of the device from air to vapor during the sensing process, 
conversely. 
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3. Experiments 
3.1. Confirmation Experiments 

In order to realize hetero-structures in a single manufacturing step, it is neces-
sary to achieve control over material properties. Therefore, we investigated the 
effect of laser direct writing intensity on photoresist materials. We utilize the 
flexibility of 3D laser lithography to change the local exposure dose during the 
writing process. This method enables us to realize materials with substantially 
different properties in one manufacturing step from a single photoresist formu-
lation [16] [17]. 

Before preparing the sensor component, a confirmation experiment was con-
ducted. On the tip of the optical fiber, the micro-cuboids are manufactured as 
bases, and the suspended micro-strips are embedded on the side of the mi-
cro-cuboids. Two different laser intensities are used for writing micro-stripes 
directly (yellow represents the weak laser intensity, and blue represents the 
strong laser intensity). The top view of the designed structure is shown in Figure 
2(a) and Figure 2(b). The corresponding samples prepared are shown in Figure 
2(c) and Figure 2(d). From the results under the microscope, it can be seen that 
the micro-strips in Figure 2(c) are bent inward, while the microstrips in Figure 
2(d) are bent outward. The middle group is not bent, and both groups have a 
greater degree of bending than the right group (from top to bottom as a group). 
Because the magnitude of material shrinkage and hardening effects largely de-
pends on the crosslinking density of the photoresist [18]. The photoresist will 
shrink to a certain extent due to the polymerization effect after exposure [19] 
[20]. The photoresist with large crosslinking degree will shrink, while the 

 

 
Figure 2. Design structure and microscope image of reference experiment and vertically coupled micro-toroid 
cavity sensor. (a), (b) Schematic of the reference experimental structure. (c), (d) Microscopic view of experimental 
results in (a) and (b). (e) The preparation process of vertically coupled micro-toroid cavity. (f)-(h) SEM of verti-
cally coupled microcavity with different h prepared after sensing. (i)-(k) The enlarged images of the correspond-
ing details. 
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photoresist with small crosslinking degree will shrink greatly. As a result, the 
crosslinking density of the parts of written by strong laser is higher than the 
parts of weak laser. The polymer network formed by weak light is relatively 
loose, and the inner side (lower crosslinking density) shows stronger shrinkage 
than the outer side (higher crosslinking density), which leads to a significant in-
ward bending. 

Figure 2(e) shows the preparation process of microcavity using laser control. 
When preparing two vertically stacked micro-toroid cavities, the upper surface 
of the upper micro-toroid is directly written with strong laser, and the lower 
surface with weak laser. The lower micro-toroid only use the strong laser for di-
rect writing. The outer edge of the upper micro-toroid of the prepared micro 
sensing device will have a downward trend (when the samples are available). 

Figure 2(f) to Figure 2(h) are the electron microscope images of the mi-
cro-sensor sample after isopropanol (ISO) vapor solution sensing experiment. 
The gap (h) of the vertically stacked micro-toroid is 2 μm, 1.5 μm, 0.4 μm, re-
spectively. Figure 2(i) to Figure 2(k) are the corresponding detailed drawings. It 
can be seen that after sensing test, the outer edge of the upper micro-toroid 
tends to tilt upwards. Because the degree of photo-crosslinking between the up-
per and lower surfaces of the upper micro-toroid cavity is different, and the den-
sity of the polymer network on the lower surface is relatively loose, which can 
adsorb more organic molecules than the upper surface. Therefore, as the concen-
tration of organic solution increases, the outer edge of the upper micro-toroid cav-
ity will have a tendency to tilt upwards and gradually move away from the lower 
micro-toroid cavity. 

In the SEM images, the actual parameters used for micro-toroid gap are ap-
proximately 0.6 μm smaller than the designed parameters measured after gas 
sensing. This is probable as a result of the slight change of the material caused by 
the environment when shooting the scanning electron microscope in vacuum, 
plus the fact that the structure will not completely recover to its original state af-
ter the gas sensing. 

3.2. Sensing Characteristics 

We characterize vapor sensing characterizations of smart cavity in the ISO vapor 
solution. 

Due to the red-shift of the resonance peak caused by the material swelling, 
and the mode splitting caused by the coupling of two micro-toroid cavities, for 
the convenience of research, we align one of the resonance modes in the spec-
trum and observe the relative changes of other resonance modes. 

Figure 3(a) and Figure 3(b) are the transmission spectrum of ISO vapor 
sensing. Figure 3(a) is the sample h = 2 μm in ISO organic vapor with concen-
trations ranging from 10% to 50%. After aligning the first resonance peak on the 
spectrum near 1526 nm, it is found that the relative position of the resonance 
peak at other concentrations and at 10% concentration are basically unchanged,  
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Figure 3. Sensing characteristics of vertically coupled microcavities. (a) Spectra after aligned to a resonance mode of the sample h 
= 2 μm located in vapors of ISO solutions with varying concentrations from 10% to 50% in steps of 5%. (b) Spectra after aligned to 
a resonance mode of the sample h = 0.4 μm located in vapors of ISO solutions with varying concentrations from 0% to 10% in 
steps of 1%. (c) The variation curve of the vertical coupling microcavity spacing with the effective refractive index of the micro-
cavity and the resonance peak drift, the triangle and the point are the experimental results, and the solid line is the exponential 
fitting results. 
 

indicating that only the red-shift of the resonance mode caused by swelling oc-
curs at this interval h. Figure 3(b) is the sample h = 0.4 μm in ISO organic vapor 
with concentrations ranging from 1% to 10%. After aligning the resonance peak 
at about 1548 nm in the transmission spectrum, we found that there was a pair 
of obvious resonance modes on the left and right sides of the reference reson-
ance peak (black arrow line). With the increase of organic vapor concentration, 
the pair of resonance modes gradually approached to each other. When the h is 
small enough, the vertical coupling of the two microcavities cause mode split-
ting, forming bonding and anti-bonding modes. 

During the process of placing the sample in air and ISO vapor solution, as the 
concentration increases, more and more organic molecules are adsorbed on the 
surface of the upper microcavity, resulting in swelling effect. The edge of the 
cavity tends to expand and compress upwards. In this process, the optical field of 
bonding mode moves inward, so the effective radius of the micro-toroid cavity 
becomes smaller, and the resonant mode is shifting blue. The optical field of the 
anti-bonding mode moves towards the outer edge of the toroid, the effective ra-
dius of the micro-toroid cavity becomes larger, and the resonance mode is shift-
ing red. 

In summary, a pair of bonding and anti-bonding modes generated by mode 
splitting which show a red-shift and a blue-shift as the organic vapor concentra-
tion increases. The resonance peaks of the two modes gradually approach in the 
spectrum. Moreover, the variation of first-order, second-order, and third-order 
modes are different, the relative wavelength and sensitivity of this variable is also 
different. 

The two pairs of bonding and anti-bonding modes shown in Figure 3(b) are 
located within a free spectral range (approximately 16 nm), which can be consi-
dered as excitation of first-order and second-order modes. The movement of the 
optical field distribution will cause the change of the effective radius of the mi-
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cro-toroid cavity, and the effective refractive index will also be different. 
We simulated the optical field distribution at different h, obtained the effec-

tive refractive index neff corresponding to the first and second order modes of 
bonding and anti-bonding modes, and obtained the relationship of h − neff as 
shown in Figure 3(c). From top to bottom, the red curve represents the bonding 
and anti-bonding modes of the first order, while the teal curve represents the 
second order. The scatter points on the graph are taken from the sample h = 0.4 
μm, the relative wavelengths of a pair of bonding and anti-bonding modes. 

When the gap between the two micro-toroid cavities becomes larger and larg-
er, so that the optical fields of the two cavities do not affect and will not be 
coupled, the mode splitting disappears, and the bonding and anti-bonding mod-
es will eventually merge into a resonance peaks. The simulation and experimen-
tal results are consistent. 

3.3. Sensing Characteristics 

Figure 4 shows the dynamic process of a vertically coupled smart microcavity 
gas sensor in organic vapor concentration. 

We were set the sample h = 0.4 μm place in a vapor environment of a satu-
rated solution of ISO. Record the transmission spectra of the sample for all 
cycles within the scanning range of 1520 - 1570 nm wavelength, within 0 - 200 
seconds of entering and 200 - 400 seconds of leaving the vapor environment. 
take the relative wavelength differences of all first-order bonding and anti- 
bonding modes Δ λ, record two cycles. During the sensing process, the number 
of organic molecules absorbed by the material increases as the concentration in-
creases, and the bonding and anti-bonding modes approach to each other, while 
the opposite is true. The relatively small change in wavelength difference after 
the second addition of steam perhaps it is because after leaving the vapor envi-
ronment, there are still organic molecules left in the cavity, and the sample has 
not recovered, so the experiment for the second cycle begins, which affects 

 

 
Figure 4. The relative drift of bonding and anti-bonding modes of microcavity sensors 
entering and leaving ISO vapor over time (scatter points are experimental data). 
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Figure 5. Two cycle tests on the reversibility of vertically coupled microcavity sensors in steam with different ISO 
concentrations. Exponential fit between solid lines and experimental data (scatter points). 

 
the variation of the gap of microcavity in the second cycle. 

In order to characterize the time response of the microsensor, the sample was 
placed in ISO organic vapor for 200 seconds, and the spectra of each 1520 - 1570 
nm wavelength scanning range were recorded. The sample was then taken out 
and placed in air for 200 seconds, and all spectra within the 1520 - 1570 nm wa-
velength scanning range were also recorded. This process undergoes two cycles. 
We tested the concentrations of 3%, 5%, and 7%, respectively. 

As shown in Figure 5, the trend curves are best fitted according to the Lang-
muir isotherm after data processing, where the scattered points correspond to 
the data results extracted from the experiment. The fitting curve is consistent 
with the experimental results. The rise time response rates were 6.8 nm/s, 9.7 nm/s, 
12.3 nm/s, and the fall time response rates were 3.9 nm/s, 5.8 nm/s, and 6.7 
nm/s, respectively. 

4. Conclusion 

In summary, we propose and demonstrate use of two-photon lithography tech-
nology to manufacture smart microcavity sensors on the end face of seven-core 
fiber. We simulated the optical profile distribution and the mode analysis of 
vertically coupled microcavities with different gaps, especially the bonding and 
anti-bonding modes. We show the experimental results of the dynamic changes 
of the smart microcavity and characterization of sensing performance in iso-
propanol vapor during sensing, which is helpful for analyzing sensing process 
and improving sensing sensitivity. 
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