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Abstract—In this paper, we present the results of measurements
performed using a Fabry Pérot resonator printed on a fiber optic tip.
Thanks to its design, the resonator allows for simple sputtering of both
resonator mirrors with varying degrees of reflection in a single process
step. Applying different reflectances to both resonator mirrors
significantly increases the refractive index measurement range while
maintaining excellent signal modulation (15 dBm for a refractive index
of 1.477). Furthermore, our sensor features a wide measurement range
(1350-1700 nm).

Recently, sensors based on optical fibers have been
gaining popularity, which is understandable given that
they can meet current requirements such as high-speed
detection, high sensitivity, immunity to electromagnetic
interference, corrosion resistance, and low production
costs [1, 2]. Moreover, due to the development of micro-
and nanotechnology, optical fiber sensors can be
miniaturized and adapted to work in harsh environments
where electrical sensors may fail [3, 4].

One of the simplest optical fiber sensors is based on the
Fabry-Pérot (FP) interferometer [5—7]. Even with these
simple sensors, maximum simplicity of solutions is
promoted while maximizing sensitivity or application
diversity [8]. Therefore, in this paper, we present research
on optical fiber-based FP resonators printed as fiber tips.
As a reference, we used tests performed with two optical
fibers, utilizing both flat mirrors. Fiber tips were
fabricated using two-photon polymerization (2PP)
technology [9]. Significant emphasis was placed on
creating a compact structure with a high-reflection mirror
formed on the printed tip [10]. The concept of printing an
optical cavity sensor onto an optical fiber tip was
described in [11] and [12]. In these works, the signal is
reflected from both the inner and outer surfaces of the
printed mirror, so the sensor's response to changes in the
refractive index results from the overlapping shifts of
these two modulations. This is an interesting proposal;
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however, the solution presented there does not include
sputtered mirrors.

To enhance reflection, we employed the cathode
sputtering method to deposit thin metal films of varying
thicknesses onto the printed surfaces. It is essential to
note that the chosen manufacturing method is efficient,
enabling the simultaneous control of several parameters
of the fabricated FP resonator, including cavity length and
the extent of metal layer coverage. This study builds upon
our previous research and incorporates the conclusions
from both our previous publications.

A Fabry-Pérot resonator is a typical multi-beam
interferometric device. Figure 1 presents a schematic of
the FP fiber-based sensor. Light passing through the fiber
core is partially reflected at the end of the optical fiber,
which is simultaneously the front face of the cavity due to
Fresnel reflection at the silica/air interface (M). This first
reflection is referred to as the reference signal, while the
rest of the light beam is transmitted forward through the
cavity. The second reflection occurs at the air/fiber
interface (M) and generates the detection signal. The
reference and detection signals can interfere with each
other. Depending on the difference in optical path length
between them, this interference can be either constructive
or destructive, resulting in an interference signal [13]. The
output intensity (/) of the reflected light beam can be
written as [13]:

I=1+1,+2/II,cos¢ (1)
where /; and I, are the beam intensities for the back-
reflected reference and detecting signal, respectively, and
¢ represents the total phase difference between these
components. The phase difference is related to the cavity
length, and any change in the optical path length causes a
change in the phase shift and is given by [13]:
__dmnLggy 2
¢ =—7 2
where 7 is the refractive index of cavity, L. is the length
over which the phase change occurs, and A is the laser
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diode center wavelength. When constructing a sensor
based on resonance phenomena, it is desirable to obtain a
high resonance enhancement, resulting in resonance dips
of high finesse and a high extinction ratio (the ratio
between the optical power levels corresponding to the
maxima and minima in the resonant spectrum), which

enable the most precise measurements. Finesse is
typically described as follows [14]:
FSR
F = 3)
FWHM

where Free Spectral Range:
FSR= 7\42/ (2”1Lcav) 4)

corresponds to the spectral distance between two adjacent
resonance dips, and FWHM (Full Width at Half
Maximum) is the width of a resonance dip.

When considering a 3D-printed fiber-tip FP resonator,
the output interference signal can be described using the
three-beam interference model. The light beam is not only
reflected at the silica/air and air-resin interfaces at the end
of the cavity but is also reflected from both surfaces of the
3D-printed diaphragm. Therefore, the output interference
signal involves three-beam interference. This leads to a
phenomenon known as the Vernier effect [15]. This
creates a complex interference pattern with a new,
significantly greater periodicity compared to the FSR of
the individual cavities. This effect is typically used to
increase the sensitivity of measurements such as the
refractive index [16], but despite its observation, we will
not address it in our measurements.

To select the appropriate thickness of the gold layer
sputtered on the FP resonator, we used standard single-
mode fibers with pigtails having a core diameter of 8.2pum
and a cladding diameter of 125pum. The quality of the
cleave was monitored each time using a reflection loss
measurement with a KINGFISHER KI7343C-INGAAS
meter. The printed tips were placed in a low-vacuum
Leica ACE200 sputter coater, with a vertical orientation
towards the golden target. Sputtering is carried out at
room temperature using an ionized working gas (Argon)
under low-vacuum conditions of 10 mbar, with a current
of 30 mA applied to the target. The layer thickness is
measured with the quartz crystal microbalance.

The FP resonators, as fiber optic tips, were
manufactured in two configurations: unshielded and
shielded. In both cases, one of the reflective surfaces is
the optical fiber end face, and the other is a roof printed
on the supports, as shown in Fig. 1. The selected cavity
length in each considered case was L., = 50pum. The outer
diameter of the proposed structure was 80um, and the
thickness of the flat reflective surface was Spum. In one
case (unshielded tip), the supports were spaced as straight
columns. In the other case (shielded tip), the supports
consisted of three overlapping walls. These walls enabled
the rinsing of excess photoresist after the exposure

process and provided free access of the test substance to
the FP resonator cavity during measurement.

The considered structures are printed directly on the
end-face of the optical fibers using the Photonic
Professional 3D femtosecond direct laser writing system,
Nanoscribe Professional GT2. For printing photoresist IP-
Dip2 from Nanoscribe (with a refractive index of 1.52
@1550 nm after polymerization) was used [17]. The
structures of the tips were designed in CAD software and
printed to ensure the smoothest possible surfaces for the
mirrors [18]. To enhance adhesion between the fiber and
printed structures, laser direct writing begins a few
nanometers inside the fiber, but not too deep to avoid
heating the surface or the photoresin.
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Fig. 1. Scheme and photos of the obtained 3D printed fiber tip in two
configurations: unshielded (left) and shielded (right).
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Fig. 2. Measurement setup.

The measurement setup is shown in Fig. 2. The signal
from the supercontinuum laser source (Leukos, MIR 4.1)
was transmitted to an optical circulator, which in turn
directed it to the fiber optic tip. After reflecting from the
FP resonator, it returned to the circulator and was
measured using a YOKOGAWA AQ6370C Optical
Spectrum Analyzer (OSA) covering 600—1700nm with a
resolution of 0.Inm. The broadband source used in the
experiment enabled testing of the proposed solution
across a wide range of fiber optic networks, from the O
band to the U band. Finally, printed FP resonators were
tested in benzene alcohol and isopropanol (IPA), with
refractive indices of 1.477 and 1.374 at 1550nm,
respectively, to verify whether the sputtered mirrors
enable expanding the range of application of the designed
tip. Sensitivity measurements were performed for
propanol-toluene mixtures, allowing for a change in the
refractive index in the range between 1.376 and 1.478
with a step of 0.01 RIU.

First, we tested how the printed FP resonator would
perform without any gold layer sputtered onto it. The
measurements were performed at room temperature and
atmospheric pressure. As shown in Fig. 3, when the tip
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was measured before immersion, a three-wave resonance
was observed, resulting in a Vernier effect in the reflected
spectrum. Based on analysis of the observed signal, we
can calculate that the FSR is 21.6nm, which corresponds
to the modelled L., (Table 1). Additionally, we can
observe a Vernier effect envelope of 163nm in the signal,
which corresponds to the Sum thickness of the flat
reflective surface.

After immersing the FP resonator in IPA, the quality of
the reflected signal decreased significantly. The resonance
spectrum is only visible at wavelengths most strongly
emitted by the supercontinuum laser source (1450—1650
nm). After immersing the FP resonator in benzene
alcohol, the signal completely disappeared. The only
noticeable signal is a small signal resulting from the
reflection of the most characteristic wavelength, 1550 nm,
from the pump of the supercontinuum laser source. It
follows that the very low refractive index contrast
between polymerized IP-Dip2 and benzene alcohol
requires high light intensity to be noticed in the reflected
spectrum, which is not a desirable effect.
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Fig. 3. Spectral analysis for an unshielded tip with different materials
filling the FP resonators.

The solution to this problem is to sputter a metal layer
onto the reflective surfaces in the FP resonator. It should
be noted that the gold layer was sputtered onto the upper
surface of the flat reflective surface and onto the optical
fiber surface. The lower surface of the flat reflective
surface was not sputtered, reducing its significance in the
reflected spectrum. Therefore, the Vernier effect is no
longer visible in the subsequent results.

As presented in our previous work [9], the best results
are obtained when the difference in sputtering thickness
between the two mirrors is significant. We got the
improved result when mirror M; was sputtered with a
5nm layer of gold. Further increasing the sputtering
thickness of mirror My, first to 12nm and then to 30nm,
reduces the extinction ratio to 3dB and then to zero,
respectively. This is because after the initial improvement
in the ratio of the reflected signals from the individual
mirrors observed for a small sputtering thickness on

mirror M, further increasing this thickness reduces the
amount of light reaching mirror M».

During the sputtering process, the upper mirror (M>)
will always be coated with a thicker layer than the lower
mirror (M;). This is because the gold sputtering
technology used in the experiment is unidirectional.
However, a small fraction of the gold particles will
always fall onto mirror My, creating a reflective layer that
is disproportionately thinner than the layer formed on
mirror M, (Fig. 4). To better control the differences in the
sputtering degree of both mirrors, we attempted to
obscure mirror M. This can be achieved by selecting the
width of the supports supporting mirror M, at the
appropriate height.

Sputter head

Sputtered gold

Holder

Optical fiber

N\

Fig. 4. Schematic diagram of sputtering a gold layer onto a fiber optic
tip.

We performed spectral analysis on shielded and
unshielded tips sputtered with a 10 nm gold layer each.
As shown in Fig. 5, the unshielded tip exhibits a higher
extinction ratio than the shielded tip. This is due to the
fact that a small layer of gold covered the M; mirror in the
unshielded tip, which improved the ratio of the reflected
light intensities between the two mirrors. In the case of
the shielded tip, the M mirror was effectively shielded by
the set of supports, and no gold layer appeared on it.

Filling both FP resonators with a material with a similar
refractive index (benzene alcohol) to the photopolymer
used to print the tips (IP-Dip2) further highlighted the
advantages of the sputtered mirror solution (Fig. 6). The
shielded tip with the unsputtered M; mirror is
characterized by a very low extinction ratio (2.2dBm).
The unshielded tip, however, significantly increased its
extinction ratio up to 15.2dBm. This value enables the use
of a sensor based on an FP resonator, even when the
refractive index of the measured material and the
measuring head are identical. Additionally, as shown in
Fig. 5, the unshielded tip enables measurements with
similar accuracy across a wide wavelength range, from
1350nm to 1700nm. Additionally, it can be seen that the
signal modulation level of the unshielded tip increased
from 12.2dBm to 15.2dBm during immersion in benzene



doi: 10.4302/plp.v17i4.1376

PHOTONICS LETTERS OF POLAND, VOL. 17 (4), 91-95 (2025) 94

alcohol (Fig. 6), compared to the level observed before
immersion (Fig. 5).

-40
-45
50
-55
60

R[dBm]

-65

-70

—Shielded
-75
—— Unshielded
-80

1300

1400

1500
Wavelength [nm]

1600 1700

Fig. 5. Spectral analysis for shielded and unshielded tips in air.
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Fig. 6. Spectral analysis for shielded and unshielded tips immersed in
benzene alcohol.

The data presented in Table I, obtained for both FP
resonators before and after filling with benzene alcohol,
show that the experimental results agree with those
calculated based on the catalogue data. As expected, the
FSR decreased after filling the FP resonator with benzene
alcohol. Table II shows that the FP resonator parameters,
such as Q-factor and Finesse (F), are comparable to those
observed in the literature. However, it should be noted
that the systems presented in [11] or [12] are much more
complex.

We then checked whether the sensitivity of this sensor
would change after sputtering the mirrors with a few-
nanometer-thick gold layer. The measurement setup
presented in Fig. 2 was used to test the Fabry-Pérot fiber
optic sensor. In Fabry-Pérot resonators, the change in RIU
of the cavity-filling material is equal to the change in
wavelength. The relative change in RIU can be calculated
using the following equation [19]:

An=2n (5)

A
where # is the initial RIU of the measurement media in
the microcavity, A is the initial wavelength corresponding

to any of the interference minima, and AX is the change in
A when n changes by An.

TABLE1

Comparison of the FRS value calculated from Eq. (4) and
measured in the experiment

MATERIALS AIR BENZENE
Loy 50 pm 50 pm
A 1500 nm 1500 nm
n [@1500nm] 1.0 1.477
FSR
[calculated] 20.5 nm 13.8 nm
FSR
[unshielded] 21.6nm 14.8 nm
FSR
[shielded] 272 nm 16.0 nm
TABLE 11

Comparison of the measured Q-factor and Finesse with
literature data

MEASURED LITERATURE
Leay 50 pm 50 pm
A 1550 nm 1550 nm
n [@1500nm] 1.377 1.377
Q-factor 530 £ 8 [11]
478£5 224 +12[12]
Finesse 4.43 £0.05 -

Sensitivity measurements were performed for propanol-
toluene mixtures, allowing for a change in the refractive
index in the range between 1.376 and 1.477. The RI
variation range was chosen to demonstrate the limits of
applicability of the Fabry-Pérot fiber optic sensor without
sputtered mirrors. At the same time, we aimed to verify the
linearity of the sensor variations to the greatest extent
possible and compare the results with the theoretical
predictions described by Eq. (5). Considering that the FSR is
11um for a wavelength of 1300nm and an RI of 1.4, the RI
varied by 0.005. This RI variation enables a shift of the
resonance peak by 4.5um, which falls within the FSR.
Unfortunately, in some cases, a small deviation in the
obtained RI value resulted in an increase in A\ [from Eq. (5)]
above the FSR, as you can see in Fig. 7.

Figure 8 compares the sensitivity of both sensor types
(with sputtered and unsputtered mirrors) with the
sensitivity described by Eq. (5). As can be seen in the
graph, sputtering the mirrors does not affect the
sensitivity of the Fabry-Pérot fiber optic sensor, which is
930nm/RIU at a wavelength of 1300nm. This value is
consistent with the sensitivity calculated using Eq. (5),
which is represented by the black line in Fig. 8.
Simultaneously, Fig. 8 shows the limit of applicability of
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the Fabry-Pérot fiber optic sensor without sputtered

mirrors (orange squares).
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Fig. 7. Spectral analysis of the Fabry-Pérot fiber optic sensor without
sputtered mirrors.
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Fig. 8. Comparison between the sensitivities of the Fabry-Pérot fiber
optic sensors (with sputtered and unsputtered mirrors) and the
theoretical sensitivity.

This study demonstrated the feasibility of constructing a
very simple 3D-printed fiber optic tip with an FP
resonator, enabling the measurement of refractive index
over a very wide range. This measurement specifically
covers the refractive index range around 1.55. This was
achieved by additionally depositing gold layers on the
mirrors of the FP resonator. These layers were deposited
using a simple sputtering device designed for depositing
metallic surfaces. By using unidirectional sputtering, a
corresponding difference in the gold layers on the
individual mirrors was achieved. Mirror M| has a much
lower reflectance than mirror M. This allows the FP
resonator to measure the change in the refractive index of
the tested liquid regardless of the material from which the
resonator is made.
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