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Two-Photon Nanomachining of a Micromechanically
Enhanced Optical Cavity Sensor on an Optical Fiber Tip
Jeremiah C. Williams, Hengky Chandrahalim,* Joseph S. Suelzer,
and Nicholas G. Usechak
miniaturized sensors are essential for
applications such as satellites,[1] wearables,[2] and unmanned aerial systems,[3]
which have stringent size, weight, and
power (SWAP) requirements. Reducing
the footprint of these sensors while retaining performance frees valuable system
resources. Fiber optics integrated with
micro FP resonators represent a promising
approach to miniaturize a variety of sensors
that are essential in modern engineering
systems. Fiber optics offer light weight,
low losses over long distances, and immunity to electromagnetic interference while
serving as an integrated waveguide to introduce and interrogate light. The FP resonator delivers a highly sensitive optical
response to a variety of environmental
stimuli. Notably, microscale FP cavities
exhibit both high sensitivities and large
operating ranges at common commercial
wavelengths and demonstrate high-quality
factors (Q-factors) with standard reﬂective
coatings.
Fiber optics with integrated FP resonators are represented in the literature with a variety of designs
and applications. Devices have been demonstrated sensing static
pressure,[4–21] temperature,[4,7,9,10,12–16,20,22–37] refractive index
(RI) of liquid and gas,[5,22,23,38–40] magnetic ﬁeld strength,[41]
airﬂow,[42–44] liquid ﬂow vector,[45] humidity,[46,47] acoustic pressure,[48,49] ultrasound,[50] vibration,[51] and applied force.[52] All
these exciting applications could be improved by utilizing reﬂective coatings and curved surfaces, as enabled by the dynamically
movable hinged mirror feature demonstrated in this work. Our
technology can also be used to isolate a resonator’s temperature
dependence to create multifunctional sensors.
Several creative manufacturing techniques have been explored
to achieve microscale optical cavities. For example, both closed
and open cavities have been demonstrated by splicing singlemode ﬁber (SMF) to short segments of capillary or internally
structured ﬁber.[8,10,22,23,42] Open cavities have also been made
by removing ﬁber material with a focused ion beam (FIB)[30]
or femtosecond laser.[39] Curved surfaces have been fashioned
with polymer droplets[7,13] and the electrical arc of a ﬁber
splicer.[22,38] Various materials with advantageous properties
have been integrated with devices to improve performance
including polyvinyl chlorine (PVC),[19] silicone rubber,[18]
silicon,[21,29,45] liquid mercury,[28] Naﬁon,[46] silver ﬁlm,[17]

Herein, a two-photon nanostructuring process that is employed to monolithically
integrate dynamic three-dimensional (3D) micromechanical features into
Fabry–Pérot cavity (FPC) sensors on an optical ﬁber tip is demonstrated. These
features represent a breakthrough in the integration and fabrication capabilities
of micro optomechanical devices and systems. The demonstrated dynamic
optical surface enables directional thin-ﬁlm deposition onto obscured areas. The
rotation of the dynamically movable mirror to deposit a thin reﬂective coating
onto the inner surfaces of a FPC with curved geometry is leveraged. The reﬂective
coating in conjunction with the dynamically rotatable mirror greatly improves the
quality factor of the FPC and enables a new class of highly integrated multipurpose sensor systems. A unique open cavity geometry on an optical ﬁber tip is
used to demonstrate temperature and refractive index sensing with sensitivities
of 2045  39 nm/RIU and 366  22 pm °C1, respectively. A gold reﬂective
coating sputtered onto the inner surfaces of the FPC improves the quality factors
of the cavity by more than 800%. This technology presents a path forward for
utilizing 3D design freedom in micromechanically enhanced optical systems to
facilitate versatile processing and advantageous geometries beyond the current
state of the art.

1. Introduction
The primary purpose of the dynamically adjustable optical cavity
in this work is to enable reﬂective coating deposition onto the
obscure optical surfaces of a multipurpose ﬁber tip cavity sensor
to improve the optical response of the device. High-quality

J. C. Williams, H. Chandrahalim
Department of Electrical and Computer Engineering
The Air Force Institute of Technology
Wright–Patterson Air Force Base, OH 45433, USA
E-mail: hengky@microsystems.group
J. S. Suelzer, N. G. Usechak
Sensors Directorate
Air Force Research Laboratory
Wright–Patterson Air Force Base, OH 45433, USA
The ORCID identiﬁcation number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202100359.
© 2022 The Authors. Advanced Photonics Research published by WileyVCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202100359

Adv. Photonics Res. 2022, 2100359

2100359 (1 of 10)

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.adpr-journal.com

polyvinyl alcohol (PVA),[47] high temperature ceramics,[6] and
selectively sintered stainless steel.[26] Thin silica ﬁlms have also
been demonstrated by precise etching with hydroﬂuoric acid
(HF)[16] or etching with HF and fusing to an external silica
membrane.[15] Reﬂective coatings have been integrated directly
in various stages of fabrication[6,14,17] and through microelectromechanical systems (MEMS) adhered to the ﬁber.[8,9,11,49]
While impressive, most fabrication techniques are limited to
simple geometries such as planar surfaces or large bubbles.
Reﬂective coatings must also be carefully planned throughout
the fabrication process as internal optical surfaces are often
obscured in the ﬁnal device. Additive manufacturing techniques
enable arbitrary 3D features, such as curved mirrors. Two
popular methods for additive manufacturing on optical ﬁbers
are stereolithography and two-photon polymerization (2PP)
nanofabrication. Stereolithography has been used to fabricate
an open FP resonator[5] and a closed FP resonator with an
integrated antireﬂective microstructure.[4] 2PP nanofabrication
offers even greater precision and has been used to demonstrate
complicated 3D features on optical ﬁber tips with submicron
accuracy. Examples include a force-sensitive microgripper,[53]
multilens objectives,[54] micro-ring resonators,[55] whispering
gallery mode resonators,[56,57] an inverse-designed metalens,[58]
a micro-anemometer,[43,44] a microphone,[59] and FP cavity
sensors.[12,20,24,27,37,40,41,47,48,52,60,61] This work utilizes 2PP
nanofabrication to demonstrate a design solution that enables
directional thin-ﬁlm deposition onto a monolithically integrated
optical cavity with dynamic mirrors of arbitrary curvature.
Dual purpose sensors have been demonstrated by combining
a ﬁber Bragg grating (FBG) sensor with an FP resonator[46] and
by utilizing two in-line FP resonators.[7,10,13,14,16,22,23] With two
FP resonators, one cavity can be designed to shift only in
response to temperature, while the second cavity responds to
both temperature and another physical property, such as pressure or environmental RI. Thus, the temperature response
(inherent to all FP resonators due to thermomechanical and
thermo-optic effects) of the dual-purpose sensor can be isolated
from its other sensing function. Our research group desires to
create such a dual-cavity, self-referencing device with three
curved optical surfaces, reﬂective coatings, and advanced micromechanical features by utilizing 2PP nanofabrication.
A mechanically suspended two-cavity device with curved surfaces was demonstrated in our previous works,[24] but the inner
optical surface was shadowed by the top surface that prevented
reﬂective coating deposition. Depositing a gold reﬂective ﬁlm by
sputtering improved the Q-factor of the FP resonator as shown in
Figure S1b, Supporting Information. However, the measured
spectrum (blue curve in Figure S1b, Supporting Information)
was consistent with resonance between the topmost and bottommost optical surfaces only, eliminating the optical response of
the inner cavity. This work presents dynamic 3D optomechanical
features that address the aforementioned issues.
The micromechanically enabled optical cavity was fabricated
using the highly selective, submicron accuracy of 2PP nanofabrication method. The design in combination with two-photon
nanostructuring process facilitates precise, directional thin ﬁlm
deposition onto all available optical surfaces in the proposed FP
resonator. The implemented mechanical hinge successfully
enabled deposition onto the previously obscured surface, creating
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Figure 1. a) A schematic highlighting the monolithically integrated movable mirror that enables directional deposition of highly reﬂective coating
onto the inner surfaces of an FPC using a ubiquitously available magnetron
sputtering system. Schematic illustrations of b) a thermal radiation sensor
and c) a refractive index sensor on an optical ﬁber tip.

an optical resonator between the two inner surfaces. These devices
also demonstrated thermal radiation and RI sensing, showcasing
the feasibility of a multipurpose sensor utilizing this technology.
Figure 1a highlights the movable mirror that enables directional
deposition of highly reﬂective thin ﬁlm onto the inner surfaces of
an FPC using a widely available magnetron sputtering system.
After the thin reﬂective coating is sputtered onto the inner surfaces of the cavity, the rotatable mirror is locked into its ﬁnal position. A unique open cavity geometry on an optical ﬁber tip can be
used to monitor the quality of the surrounding environment and
how it changes over time as illustrated in Figure 1b,c. The detected
changes can then be transmitted in real-time via low-loss optical
ﬁbers to different remote locations.

2. Results and Discussion
2.1. A Mechanically Enhanced Fabry–Pérot Resonator
The FP resonator is a ubiquitous optical component formed by
two parallel, partially reﬂective surfaces separated by some interstitial medium. Light is introduced propagating perpendicular to
the cavity, along the optical axis of the resonator. By tuning the
wavelength of the incident light or changing the cavity length, the
transmitted light cycles between constructive and destructive
interference. The wavelength or cavity is resonant when the constructive interference is the largest. A graphical depiction of this
interaction in our devices is displayed in Figure 2.
The FP resonator has been well modeled in other literature,
with a thorough example found in[62] and relevant relationships
repeated here. The time necessary for light to traverse the resonator cavity and return to its entry point (the round-trip time tRT )
is determined by the length of the cavity L and RI of the
interstitial medium within the cavity n, and given by tRT ¼ 2Ln
c ,
where c is the speed of light in vacuum. This round trip introduces a phase shift ϕRT to light of wavelength λ equal to,
ϕRT ¼ 2π λc tRT ¼ 4πLn
λ . Resonance repeats after a phase shift equal
a multiple m of 2π, yielding the resonant wavelength λm to be,
2Ln
2πm ¼ 4πLn
λm ! λm ¼ m . Differentiating this equation for λm with
© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 2. A cross-sectional schematic illustrating the operation of the
mechanically enhanced 3D FP resonator and optical ﬁber as an integrated
waveguide for the device.

respect to L and n for a single mode order and taking a linear
approximation[63] yields
Δλm Δn ΔL
¼
þ
n0
L0
λm

(1)

where L0 , n0 , and λm are the initial values of cavity’s length, RI,
and resonant wavelength, respectively. Equation (1) summarizes
the sensing mechanism of our devices. Small changes in cavity
length and RI produce small changes in the resonant wavelength.
One can measure this optical response to observe any environmental phenomena that affects L or n over a large range with
high sensitivity.
The ideal response of a FP resonator is modeled with an
Airy function, which can be analyzed as the sum of individual
resonant modes represented with Lorentzian proﬁles.[62]
Normalized to a maximum transmission value of one, the ideal
Lorentzian shape of a FP resonator’s transmission intensity, I t ,
at a single resonant mode in terms of the incident light’s wavelength is given by
ΔλFWHM 2

I t ðλÞ ¼

ð λ2 λ1 Þ
1
,
Δλ
2
1
2
π ð λFWHM
 λ1
m Þ
λ Þ þ 4ðλ

I t ðλm Þ ¼ 1

(2)

2 1

where ΔλFWHM is the full width at half maximum (FWHM) of the
resonance feature and λ2 and λ1 are the endpoints in this bandwidth. Equation (2) represents transmission through the cavity,
while our work utilizes reﬂection from the cavity. Ideally, all light
incident to the cavity is either reﬂected or transmitted such that
I T ¼ I r þ I t where I T is the total incident intensity, I r is the
reﬂected intensity, and I t is the transmitted intensity. The
FWHM is determined by the reﬂectivity of the optical surfaces
of the cavity. For two surfaces of reﬂectance R, the FWHM is
related to R by  lnðR2 Þ=2 ¼ 2πLnΔλFWHM =λ2 λ1 .[62] Higher
reﬂectivity yields ﬁner resonant features, which drive superior
sensitivity, sensing range, and signal clarity. A common metric
used to evaluate resonant features is the quality factor Q, given by
Q ¼ λm =ΔλFWHM .
The open cavity device was designed to interrogate its surrounding environment. The dynamically rotatable hinged mirror
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enables directional deposition of a reﬂective coating material
onto the inner surface of a FPC, which reduces the FWHM
and raises the optical Q-factor of the cavity.
The hinge comprises a pin, housing, support material, and
latch. The hinge pin has a diameter of 10 μm and a clearance
of 2.5 μm between the housing. Five 1-μm pillars connect the
pin to the housing during polymerization. The latch serves to
both hold and align the hinged mirror in its ﬁnal position.
Curvature on the lip of the mirror and top of the latch allow
the latch to ﬂex when being pressed into place.
The hinged mirror is curved to reduce walk-off losses as light
resonates within the cavity and to improve misalignment sensitivity. The mirror has a nominal radius of curvature of 35 μm.
When closed, the curved mirror is 22–27 μm above the ﬂat mirror of the ﬁber face, placing the focal point beyond the surface of
the ﬁber. This design meets the criteria for a stable hemispherical resonator conﬁguration, a condition that reduces losses as
light resonates within the cavity.[64]
This geometry was found to be the most successful of the different cavities we explored. The shorter cavity length produces a
larger free spectral range (FSR) between resonance features but
makes it difﬁcult for viscous and cohesive ﬂuids to enter the cavity. For our design, the smaller cavity length also signiﬁcantly
reduced misalignment caused by the clearances around the
hinge pin and the latch, permitting sustained resonance at
higher reﬂectance values. Figure 3 illustrates graphical representations of the optical cavity in several orientations to showcase its
micromechanical features.
To sense thermal radiation, the open cavity device experiences
thermal deformation ΔL proportional to its coefﬁcient of thermal
expansion α given by ΔL ¼ L0 αΔT, where L0 is the initial cavity
length, and ΔT is the change in temperature. The RI within the
cavity changes slightly with the air temperature, which can be
predicted with the Ciddor technique.[65] This Δn is a lot smaller
compared to the ΔL from thermal deformation. The peak of the
resonant feature moves linearly according to Equation (1).
Changes in the RI of the cavity’s interstitial medium also shifts
the resonant wavelength linearly as directly predicted by
Equation (1).
2.2. Two-Photon Nanomachining Process
Devices were fabricated using 2PP nanofabrication in a 2PP system, the Nanoscribe Photonic Professional GT. This technique is
similar to stereolithography 3D printing, in which a liquid resin
is selectively solidiﬁed by a laser that imparts the polymerization
energy of the resin. This same polymerization energy can be
achieved with two photons of light at half the frequency needed
for single photon polymerization. The volume within the laser
beam capable of performing 2PP is much smaller than the volume capable of performing single photon polymerization. This
produces an extremely small voxel (3D pixel) that can be guided
through the resin to solidify the desired volume. This work utilized a 200 nm  200 nm  200 nm voxel to fabricate the optical
cavity with monolithically integrated swivel mirror.
In short, single mode optical ﬁber was ﬁrst cleaved using a
Fujikura CT-30 high-precision ﬁber cleaver. It was then mounted
into a Newport FPH-S ﬁber chuck, with a small portion
© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. Graphics depicting the three positions of the optical cavity. a) The device immediately after fabrication, before manipulating the mirror with a
semiconductor analysis probe. b) The device in the fully open position, when the reﬂective ﬁlm is deposited by a magnetron sputtering system. c) The
device in the closed position, when it can be readily used for sensing.

(0.5 mm) extended out the end of the chuck. A drop of UVcurable resin, Nanoscribe’s IP-DIP, was then deposited onto
the end of the ﬁber chuck, enveloping the ﬁber tip. The chuck
was afﬁxed to a custom 3D printed jig, which was mounted to
a sample holding plate. The top light of the laser inscription system was removed to allow clearance for this mounting assembly.
The 63x objective of the laser inscription system was then
raised to contact the resin droplet. The cleaved face of the ﬁber
was located manually by the operator. Light was coupled to the
ﬁber with a UV-safe light-emitting diode (LED) ﬂashlight. The lit
core was used to align the structure to the ﬁber face. A 5 μm thick
pad was included as the base of the optical cavity to ensure adhesion to the ﬁber face. The starting height of the adhesion pad was
selected manually by the operator to be below the surface of the
ﬁber. This ensured polymerization began as close to the surface
of the ﬁber as possible and secured the polymerized structure to
the ﬁber. This technique introduced a variability of 5 μm to the
ﬁnal cavity length, which can be reduced by automating

fabrication. For all theoretical calculations in this work, ideal
cavity length of 24 μm was used.
Each device was designed using Solidworks 3D computeraided design (CAD) software. The solid model was divided into
thin layers by Nanoscribe’s slicer software. Each layer was solidiﬁed by a mode-locked 780 nm laser with a 120 fs pulse duration,
80 MHz repetition rate, and 10 mm s1 scan speed directed by
galvanometric control. The laser inscription process ﬂow is
highlighted in Figure 4 and animated in Video S1, Supporting
Information. The nonpolymerized resin was developed away
in propylene glycol methyl ether acetate (PGMEA) for 20 min.
After 10 min, the ﬁber was extended several millimeters to avoid
resin collecting on the ﬁber tip. The device was then cleaned in
isopropyl alcohol (IPA) for 10 min. Total fabrication time, including ﬁber preparation/mounting, polymerization, and chemical
treatments, was about 50 min.
Although 2PP nanofabrication is considerably faster than
other nanofabrication techniques, the stepwise laser writing

Figure 4. A graphical highlight of the 2PP fabrication process with the rotatable top mirror cavity device. a) The microscope objective is immersed in a
drop of resin on top of the ﬁber chuck surrounding the ﬁber tip. b–e) Various stages of the two-photon polymerization process, as the device is constructed according to the sliced CAD ﬁle. f ) The ﬁnal optical cavity with a freely rotatable top mirror after the unexposed resin is washed away.
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process presented striations into the surface ﬁnish of the fabricated structures. Hemispherical FP cavities require an optically
smooth spherical mirror, and it was uncertain if the devices created here had an optical-quality surface ﬁnish. Also of concern,
features with a height equal to one half or one quarter of the
wavelength of interest could introduce destructive interference
and create an antireﬂective surface. To analyze the surface ﬁnish,
we fabricated a sample structure onto a glass slide to mount into
an atomic force microscope (AFM). The resultant AFM scan is
reported in Figure S2, Supporting Information. The surface
roughness from the stepwise laser writing process was present
at regular intervals. The surface ﬁnish was found to have a roughness of less than 75 nm. This work focused on using wavelengths
in the 1450–1650 nm range to probe the FP structures fabricated
on the ﬁber ends. Therefore, the surface roughness is signiﬁcantly smaller than the wavelengths of interest, and far less than
one half or one quarter wavelength interval which would lead to
their own interference effects.
An initial study was performed to identify suitable highly
reﬂective coating materials that can be deposited on the inner
optical surfaces of the cavity to improve its reﬂectivity. Glass
slides (76 mm  24 mm  1 mm) were coated on each side with
thin ﬁlm dielectrics and metals. Series of measurements to select
a coating material that yields the highest optical Q-factor were
performed according to the experimental setup in Figure S3a,
Supporting Information. Results plotted in Figure S3b,
Supporting Information, suggest that 20 nm of gold deposited
by a magnetron sputtering system should be employed as a
reﬂective coating material to enhance the Q-factor of the cavity.
In order to deposit a thin ﬁlm of gold, the top rotatable mirror
was moved into the fully open position with a semiconductor

analysis probe as demonstrated in Video S2, Supporting
Information. Manually manipulating the top rotatable mirror
required dexterity similar to precise wire-bonding or device probing. A thin layer of gold was then deposited onto the interior of
the hinged mirror and the ﬁber face by a magnetron sputtering
system. The sputtering parameters for the device are listed in
Table S1, Supporting Information. The hinged mirror was
manipulated to the fully open position, such that the inner
curved surface was parallel to the ﬁber face and facing away from
the ﬁber surface (Figure 1a). Both the curved surface and ﬁber
face were oriented toward the sputtering target by holding the
ﬁber in a custom spring-loaded jig. The open cavity device
was positioned in the center of the chamber on a rotating platen,
with the target facing the platen at an acute angle. The hinged
mirror was then lowered into its ﬁnal position, again using a
semiconductor analysis probe as demonstrated in Video S3,
Supporting Information. The ﬂexibility of the solidiﬁed polymer
allowed moderately aggressive manipulations without breaking
the device. The false-colored scanning electron microscope
(SEM) images of the fabricated ﬁber tip FPC in open and closed
positions are shown in Figure 5a,b. The optical microscope
images of semiconductor probe tip micro-manipulations at
several steps to open and close the top mirror of the cavity are
presented in Figure 5c–f.
2.3. Characterization of a Mechanically Enhanced Fiber Tip
Fabry–Pérot Resonator
The fabricated cavity was characterized according to the experimental setup described in Figure 6a. The key component to isolate the reﬂection spectrum out of the cavity was the optical

Figure 5. False-colored SEM images of the fabricated ﬁber tip FPC (green) in various positions on the tip of an optical ﬁber (blue). a) The FPC in the halfopen position when the device was fabricated. b) The FPC in the closed position when the fabrication was completed. Optical microscope images
capturing the micro-manipulations used to fabricate the devices. c) The cavity as fabricated on an optical ﬁber tip with the micromanipulator probe
approaching from the right. d) The semiconductor analysis probe was used to open the hinged mirror. Sputtering occurred with the device in this
position. e,f ) The probe was used to lower the hinged mirror and lock it into its ﬁnal position.
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Figure 6. a) A schematic describing the experimental setup used to characterize the reﬂection intensity of the fabricated FPC on an optical ﬁber tip.
b) The preprocessed reﬂection spectrum of the FPC in air at room temperature. c) The same reﬂection spectrum after subtracting the baseline spectral
power dependence proﬁle of the SLD and normalizing between minimum and maximum reﬂection values. The red dashed line shows the result of ﬁtting
Equation (3) to a chosen resonance feature.

circulator. This component was a standard ﬁber-optic device
which transmitted light from port one to two and two to three
(with 1 dB of insertion loss) and prevented transmission in
the opposite direction (40 dB of attenuation). A ﬁber-coupled
superluminescent diode (SLD) broadband source (BBS), the
Thorlabs S5FC1550SP-A2, was connected to port one, which
emitted a 200 nm spectrum centered at 1550 nm. The intensity
of the SLD was wavelength dependent, but the proﬁle of this
dependence can be easily subtracted from the device measurements. The fabricated device under test was connected to port
two. The reﬂection spectrum from the device was isolated and
routed through port three to a Yokogwa AQ6370C optical spectrum analyzer (OSA).
The baseline wavelength power dependence of the BBS was
recorded from the average of ﬁve measurements of the BBS
routed directly into the OSA, removing the effects of the optical
circulator. This baseline was subtracted from each measured
reﬂection spectrum of the devices. The magnitude of the
response was then normalized to the minimum and maximum
reﬂection intensity of that reading. Measurements plotted before
and after this processing are presented in Figure 6b,c. The ideal
output of the FP resonator is the airy function, which can be analyzed as the sum of individual resonant features with Lorentzian
proﬁles.[62] Individual resonant features were analyzed in this
work to evaluate the shift produced by the environmental stimuli
with higher ﬁdelity than analyzing the entire spectral response.
The peak wavelength and FWHM of the resonant features were
approximated by ﬁtting a generic skew-Lorentzian distribution to
Adv. Photonics Res. 2022, 2100359
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500 points around each feature. The generic skew-Lorentzian
expression[66] used for the ﬁtting is
!
A
γðλ  cÞ
I r ðλÞ ¼ 1 
1 þ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ þ B
2
πθ½1 þ ðλc
θ2 þ ð1 þ γ 2 Þðλ  cÞ2
θ Þ 
(3)
Best-ﬁt values were found for A, a scaling factor, B, an offset
factor, c, the center wavelength of a nonskewed curve, θ, the
FWHM of a nonskewed curve, and γ, the skew factor. Both c
and θ lost their physical meaning on a skewed curve, so the peak
and FWHM were calculated from the output of the ﬁt using the
BBS wavelength spectrum from the experiment as the input. The
curve was subtracted from one, which represented full transmission, to properly orient the feature as a dip rather than a peak.
The curve generated by ﬁtting Equation (3) to the measured
reﬂection data is presented in Figure 6c.
Equation (3) was chosen for the functional model because it
can capture the asymmetry observed around the resonant features and more accurately identiﬁed the minimum of the spectral
response, which was used to indicate changes in the cavity. The
asymmetrical response has been observed in prior literature and
was attributed to a phase shift introduced by a high reﬂective
metal coating near the limited aperture in a SMF.[67] This skewed
shape was also present in multimode ﬁber FP resonators and was
attributed to multiple resonant modes propagating within the
cavity near the ideal resonant wavelength.[68] The Q-factors
© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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and reﬂectance values for the mirrors can be extracted from the
curve ﬁts using Equation (2) and the expression
Q ¼ λm =ΔλFWHM . A gold reﬂective coating sputtered onto the
inner optical surfaces demonstrated Q-factor and reﬂectance values of 530  8 and 0.8296  0.0022.
2.4. Environmental Monitoring using a Mechanically Enhanced
Fiber Tip Fabry–Pérot Resonator
The unique open cavity geometry on an optical ﬁber tip naturally
provides an interstitial space that can be utilized to perform various environmental monitoring tasks. The detected information
can be directly transmitted through low-loss optical ﬁbers to different remote locations. The FPC sensors can work with a ubiquitously available white light source, thereby facilitating the
realization of highly compact, economical, and versatile sensors.
Here, we demonstrate the capability of a FPC sensor in detecting
changes in temperature and RI.
2.4.1. Refractive Index Sensing
The ﬁber tip FPC sensor was immersed in a mixture of IPA and
water according to the experimental setup in Figure 7a to measure changes in RI of the liquid. The IPA concentration in the
solution was varied from 40% to 100% by volume to achieve RI

values from 1.3610 to 1.3773. Solutions less than 40% IPA were
unable to enter the cavity, due to the stronger cohesion of water
and the small opening at the side of the cavity. The solutions were
prepared by measuring the prescribed volumes of IPA and water
with a micro-pipette, depositing them into a glass vial, and stirring vigorously. Samples of this mixture were measured in a
commercial refractometer, the Mettler Toledo 30GS, to verify
the RI of the solution. Five samples of each mixture were measured for reference. This refractometer utilized a wavelength of
589.3 nm for measurement. The device ﬁber was mounted into a
side loading ﬁber chuck and immersed into the vial with the
remaining liquid sample. The device was left in the solution
for approximately 15 min, with agitation introduced as needed
to remove any bubbles that formed around the ﬁber. Holding
the device in the solution for this time reduced drift that was
observed in early readings. The reﬂection spectrum was then
measured ﬁve times. Three reﬂection spectra from the device
in different solutions are plotted in Figure 7b.
The resonant wavelength of the device shifted linearly in
response to the RI of liquid within the cavity. This response
is presented in Figure 7c. The blue points represent the mean
value of the central resonant wavelength from the ﬁve measurements. Vertical error bars represent one standard deviation of
this measurement, and horizontal error bars represent one standard deviation of the RI measured by the Mettler Toledo refractometer. The dashed red line shows the linear ﬁt to the data.

Figure 7. a) A schematic describing the experimental setup used to characterize the performance of a FPC RI sensor on an optical ﬁber tip. b) Three
reﬂection spectra from the device in different solutions. Each response has been normalized between its minimum and maximum reﬂection values and
had the SLD’s baseline spectral power dependence proﬁle subtracted. The primary resonant features are noted with an arrow showing increasing RI, while
smaller, off-axis resonant features can be seen between the primary features. c) The locations of peak wavelengths of the primary resonant features as
extracted from ﬁtting a skewed Lorentzian distribution to the reﬂection spectrum at the RI values measured on the Mettler Toledo reference refractometer.
The points represent the mean of ﬁve measurements taken at a given RI, the vertical error bars represent one standard deviation of these measurements,
and the horizontal error bars represent one standard deviation of the mean of the RI measured by the reference refractometer. The red, long dashed line
represents the linear ﬁt to this data. The inset shows an example of the ﬁtted curve on top of the reﬂection intensity measured from the 40% IPA sample.
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The linear ﬁt reveals a sensitivity of approximately 2045  39 nm
per refractive index unit (RIU). The uncertainty listed represents
the 95% conﬁdence interval of the slope in the linear ﬁt. The locking mechanism to secure the top mirror provides sufﬁcient
mechanical stability as indicated by the error bars in Figure 7c.
Using the skewed-Lorentzian ﬁt, we calculated an average Qfactor of 703  12, and a mirror reﬂectance of 0.8287  0.0029.
Simulations indicated that misalignment as small as 0.3° can
reduce the Q-factor of a resonant feature by nearly half.[68]
Thus, signiﬁcant improvement should result by further reﬁning
our technology to better align the rotatable mirror to the ﬁber
face. Future devices could utilize an adhesive or an additional
micromechanical feature such as a cam or shim to secure the
hinged mirror and maintain proper alignment, thus increasing
Q-factors. Additionally, on-chip FP cavity resonators have demonstrated Q-factors as high as 105 by utilizing dielectric stacks for
reﬂective surfaces,[69] which could be easily implemented with
the mechanically adjustable optics.
Secondary resonant dips with lower intensity were present
accompanying the primary features and can be seen between
the primary dips in Figure 7b. These secondary resonant dips
were caused by off-axis resonant modes enabled by the curved
mirror.[63] These features were linked to the same inner cavity
and not the outer polymer cavity because they shifted in response
to RI changes along with the primary feature. The bandwidth
between recurring resonant dips and the FSR indicated that this
resonance was between the curved mirror and the ﬁber face, and

not the topmost ﬂat surface. The relationship between FSR and
λm
cavity length, L, was approximated by ΔλFSR  2nL
for normal
[62]
incident light.
2

2.4.2. Temperature Sensing
The ﬁber tip FPC sensor was suspended several centimeters
above a hotplate that has a temperature controller to measure
changes in air temperature above the hotplate as shown in
Figure 8a. A thermocouple was suspended at the same height
for reference. The hotplate’s temperature was varied from
22.66 to 176.67 °C, producing air temperatures from 22.66 to
51.08 °C. Once a temperature was reached, the setup was left
to stabilize for approximately ﬁve minutes. The reﬂection spectrum was then measured ﬁve times. Three reﬂection spectra
from the device at different temperatures are plotted in
Figure 8b.
The resonant wavelength shifted in response to changes in the
environmental temperature. A sensitivity of approximately
366  22 pm °C1 was achieved. The uncertainty listed represents the 95% conﬁdence interval of the slope in the linear ﬁt.
The results of this test are reported in Figure 8c. The blue points
represent the means of the ﬁve measurements at each temperature. The vertical error bars show one standard deviation of these
measurements, and the horizontal error bars show one standard
deviation of the corresponding reference thermocouple

Figure 8. a) A schematic describing the experimental setup used to characterize the performance of an FPC temperature sensor on an optical ﬁber tip.
b) Three reﬂection spectra from the device at different temperatures. Each response has been normalized between its minimum and maximum reﬂection
values and had the SLD’s baseline spectral power dependence proﬁle subtracted. The primary resonant features are noted with an arrow showing increasing temperature, while smaller, off-axis resonant features can be seen between the primary features. c) The locations of peak wavelengths of the primary
resonant features as extracted from ﬁtting a skewed Lorentzian distribution at their respective temperatures. The points represent the mean of ﬁve
measurements taken at a given temperature, the vertical error bars represent one standard deviation of these measurements, and the horizontal error
bars represent one standard deviation of the mean of the temperature read on the reference thermocouple. The red, long dashed line represents the linear
ﬁt to this data. The inset shows the result of the curve ﬁtting on top of the reﬂection spectrum measured at 22.66  0.05 °C.
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measurements. The dashed line shows the linear ﬁt used to
extract the temperature sensitivity of the resonator. Using the
equation for thermal expansion, ΔL ¼ αL0 ΔT, and the RI shift
due to temperature calculated by the Ciddor method,[65]
Equation (1) predicted a wavelength shift of 210 pm/RIU. This
value is within the same order of magnitude as our observed
results.
Although the mechanically enhanced FPC has the capability of
detecting temperature changes, the contact quality between
structures made of IP-DIP resin and their substrate is known
to degrade at temperatures higher than 450 °C.[70,71] In addition,
the quality of the optical resonance of our device degraded when
the temperature of the heat source was set higher than 180 °C.
This degradation was due to thermal expansion into the clearance between hinged mirror and its two supports. Imperfect contact to these structures would introduce nonaxial expansions and
misalignment that caused instability in the resonant wavelength.
This can be mitigated by afﬁxing the hinged mirror after reﬂective coating deposition, which will also increase the Q-factor of
the FPC. At room temperature, the ﬁtting results yielded an
average quality factor of 530  8 and mirror reﬂectance of
0.8296  0.0022, where the uncertainty is one standard
deviation.

3. Conclusion

Supporting Information is available from the Wiley Online Library or from
the author.
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Keywords

This work demonstrates a breakthrough combination of design
and nanostructuring process for micro optomechanical systems:
a dynamically rotatable mirror fabricated with submicron accuracy by selective polymerization to enable integration and fabrication techniques beyond the limits of the current technology.
We monolithically integrated this feature to form a FP optical
cavity sensor on the tip of an optical ﬁber to achieve directional
deposition of reﬂective coating onto internal optical surfaces of
arbitrary curvature. This capability facilitates the creation of
improved, low SWAP, high Q-factors, and micro optomechanical
systems for precise multipurpose sensing. Microscale ﬁber tip
sensors with advanced micromechanical features and an
enhanced internal cavity were designed and fabricated. They
demonstrated sensing of RI and temperature. Sensitivities of
2045  39 nm/RIU for RI sensing and 366  22 pm °C1 for
temperature sensing were achieved. A gold reﬂective coating
sputtered onto the inner surfaces of the optical resonator
improved the quality factors of the cavity by more than 800%.
We are currently exploring novel locking and self-aligning
mechanisms to stabilize the integrated components created by
two-photon nanomachining technique. In addition, we are also
investigating advanced coating options to improve the Q-factors
of future devices. The enhancement of Q-factors by one to two
orders of magnitudes will open doors to broader sensing and
signal processing applications and support other fundamental
scientiﬁc endeavors. Overall, the dynamically adjustable 3D
micro optomechanical systems demonstrated in this work
present a powerful enabling technology for meeting a variety
of difﬁcult integration and fabrication challenges that are currently limiting the research progress in microscale optics and
optomechanics.
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