
Chapter 4
Monolithic Silicon Photonic Crystal
Fiber Tip Sensors

Bryan Park and Olav Solgaard

Abstract Photonic Crystals (PC) enable sensitive and robust sensors for a large
number of measurands, including temperature, refractive index, displacement,
pressure, acceleration, and rotation. The small volumes of two-dimensional PC
sensors also make them ideal for integration onto the facet of optical fibers. In this
chapter, we describe the operation, design, and fabrication of Si PC sensors for
refractive index and temperature, and the process technology used to integrate the
sensors onto the facets of standard single-mode fibers (SMFs). The PC sensors are
fabricated on standard Si wafers, using a single photolithography mask and a
combination of isotropic and anisotropic etching. Once the sensor fabrication is
completed, the miniaturized sensors (50 lm 9 50 lm 9 0.5 lm) are assembled
onto SMF facets. The results are highly-sensitive, robust sensors with submicron
sensing layers that are well suited for deployment in harsh environments, including
temperatures up to 700 �C.

4.1 Introduction

Fiber optic sensors have been intensively developed and deployed in a wide variety
of applications due to their unique advantages: small size, high sensitivity, insus-
ceptibility to electromagnetic interference, chemical and mechanical robustness,
wavelength multiplexing, and distributed sensing capabilities. They have been used
to measure various physical quantities such as refractive index, temperature, strain,
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pressure, and acceleration with different detection methods [1, 2]. They are espe-
cially promising for use under harsh conditions, e.g. high temperatures, corrosive,
noisy, and high-voltage environments, because their structural materials, typically
glasses, can withstand high temperatures, above 500 �C, while conventional elec-
tronics fail to operate at such temperatures due to the intrinsic properties of
semiconductors and metal contacts/interconnects. Most commonly used fiber
sensors are grating-based fiber sensors (Fig. 4.1a), which include fiber Bragg
grating (FBG) and long-period fiber gratings (LPFG). In FBG sensors, the silica
fiber core is photo-inscribed with a periodic refractive index contrast along the light
propagation direction through ultraviolet exposure [3, 4], and the grating structure
functions as spectral filter whose characteristics alter according to changes in the
surrounding environment. LPFG sensors have long-period gratings (*100 lm) and
couple the fundamental mode into forward-propagating cladding modes that
interact with materials outside the cladding and therefore detect changes in ambient
conditions [5]. Although grating-based sensors have many advantages compared to
other sensors, they also suffer from significant drawbacks. Many periods are needed
for grating functionality, and, accordingly, these sensors have large sensing vol-
umes and are vulnerable to unwanted coupling to external strains. In order for FBGs
to have better refractive index sensitivity, their fiber cores are directly exposed to
the environment by removing their claddings, but this process compromises their
structural strength and durability (Fig. 4.1b) [6]. They also have low sensitivity to
temperature (*0.01 nm/�C), and require isolators to prevent back reflections into
the laser, which poses significant difficulties in practical system implementation.
The LPFG have higher temperature sensitivity (*0.1 nm/�C) and low back
reflections, but their sensing lengths are even longer (*a few centimeters) due to
their long periodicities [7]. In addition, both types have a fundamental problem in
high temperature applications; at temperatures above 200 �C, UV-written gratings
are erased [8]. FBG sensors with direct etching of gratings in their fiber cores have
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Fig. 4.1 a Grating-based fiber sensors require large sensing volumes and are subject to undesired
strain sensitivity. b core-exposed FBG refractive index sensors for higher sensitivity become
fragile. c compact and robust PC fiber tip sensors are insensitive to external strain. d SEM image
of a PC fiber tip sensor. A silicon PC sensor covers the core of the fiber and interacts with the
surrounding environment
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been demonstrated [9], but this approach complicates the fabrication process and
inevitably reduces the mechanical strength of the sensors.

In this chapter, we introduce a hybrid structure where a very compact two-
dimensional silicon photonic crystal (PC) is attached on a tip of a single mode
optical fiber (Fig. 4.1c, d) in order to overcome the problems of fiber-only sensors
(i.e. limited sensitivity, large sensing length, fragile structure) [10, 11]. The small
PC membrane (50 lm 9 50 lm 9 0.5 lm) is completely confined to the fiber
facet and it has high sensitivity to changes in refractive index and temperature. The
resulting device is a small and robust reflection-based sensor that interacts with the
measurand in a small volume, approaching a point sensor at the tip of the fiber.
Other hybrid fiber sensors based on plasmonic-resonances of gold nanoparticles
also have been demonstrated [12], but the use of the low-temperature metal limits
its range of applications because the metal may melt or degrade in corrosive, high
temperature, high optical power environments. In contrast, our sensor is made of
chemically-robust high temperature dielectric materials, silicon and glass, and is
therefore well-suited for operation in harsh environments. The PC-on-fiber con-
figuration is flexible and can be employed in a variety of applications, including
inertial sensors and hydrophones [13].

In Sect. 4.2, we introduce the working principle of PC sensors based on the
guided resonance phenomenon. Then we describe the fabrication of the PC and
the assembly of the PC on the fiber tip in the Sect. 4.3. Section 4.4 includes the
experimental characterization of the PC fiber tip sensor, showing high sensitivity
to refractive index and temperature. High temperature measurement up to 900 �C
is also presented in this section. Lastly, we conclude the chapter in Sect. 4.5.

4.2 Photonic Crystals Fundamentals

PCs are optical nanostructures with subwavelength periodic modulation of the
dielectric constants. They provide means to control and manipulate photons in
similar ways to how semiconductors control electrons. PCs have photonic band
structures determined by their constituent materials and crystal organization, and
the presence or absence of modes at a range of wave vectors and wavelengths lead
to many interesting and useful phenomena, such as photonic bandgaps, superprism
effects, negative refraction, and guided resonances [14–17], allowing them to be
used in a variety of applications including waveguides, high-Q cavities, sensors,
and mirrors [18–21].

PCs can be fabricated in one, two, or three-dimensional structures. The most
well-known one-dimensional (1-D) PCs are Bragg reflectors, in which periodic
layers of alternating high and low refractive index are cascaded to form high-
quality mirrors (Fig. 4.2a). The Bragg reflectors are particularly useful at optical
frequencies where metal mirrors suffer from significant absorption loss, finding
their applications in vertical-external-cavity surface-emitting-lasers (VECSELs)
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and optical MEMS systems. Two-dimensional (2-D) PCs come in two different
versions; fibers and patterned thin films as shown in Fig. 4.2b and c. PC fibers are
patterned so that photons at target wavelengths are confined to the core by an
in-plane bandgap. For example, holey fibers support one or more guided modes at
their center void because surrounding hexagonally periodic structures provide a
photonic bandgap (Fig. 4.2b) [22]. The defining example of a thin-film PC is a 2-D
PC slab where periodic patterns, typically square or hexagonal lattices, are etched
into a thin film of high refractive index surrounded by low refractive index
materials (Fig. 4.2c). Such 2-D PC slabs have been employed in many photonic
devices because their optical properties, e.g. transmission and reflection, can be
designed to support a wide range of applications from highly sensitive sensors to
broadband reflectors. Furthermore, their fabrication is relatively straightforward,
and their compact size and planar geometry facilitate integration with ICs and
MEMS [23]. Three-dimensional (3-D) PCs (e.g. the woodpile structure in
Fig. 4.2d) with a complete bandgap offer the ultimate control of photons [24, 25],
but their fabrication has proven challenging up to this point although novel
methods, such as direct laser writing and self-assembly of nanospheres, have been
devised [26, 27].
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Fig. 4.2 Photonic crystals. a One-dimensional Bragg reflector. b Two-dimensional PC holey
fiber. c Two-dimensional PC slab. d Three-dimensional woodpile structure
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Fig. 4.3 Physical origin of guided resonances in 2-D PC slabs: a Band structure for a uniform
dielectric slab. b Band structure for a 1-D PC slab. In the PC slab, the originally guided modes
can couple to radiation modes due to phase matching provided by the periodic holes, resulting in
guided resonances with finite lifetimes [28]. c Transmission and reflection of the 2-D PC are
determined by interference between the direct pathway and resonant pathways arising from
coupling to guided resonances
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In this chapter, we focus on a 2-D PC slab with a square lattice of cylindrical air
holes in a thin silicon membrane. Our 2-D PC slab-integrated fiber sensors rely on
guided resonances of the PCs [17]. In order to understand the physics of the guided
resonances, we consider a 1-D PC slab with periodic air holes only in one lateral
direction for simplicity. In a uniform dielectric slab without holes (Fig. 4.3a), the
band diagram is divided into two regions by the light line, which is defined as
x = ck where x is the angular frequency, c is the speed of light in vacuum, and k
is the wave vector. A continuum of radiation modes, which can propagate in the
surrounding medium, exists above the light line. Modes below the light line are
‘‘guided modes’’ whose electromagnetic field decays exponentially away from the
dielectric slab. Therefore, their electromagnetic energies are completely confined
to the slab and external radiation cannot couple to these guided modes. However,
in the PC slab, scattering from the periodic hole arrays causes the dispersion
relation of the guided modes to fold at the first Brillouin zone boundaries, and
accordingly, some of the guided modes lie above the light line (Fig. 4.3b). This
allows them to have radiative characteristics with finite lifetime. Theses modes,
called guided resonances, are still confined within the slab, but can be excited from
or couple to plane waves outside the PC slab.

The presence of the guided resonances brings about significant changes in the
transmission and reflection of the PC slabs compared to the uniform dielectric slab.
Assume a plane wave is normally incident on the PC. As in the uniform dielectric
slab, some of the light are reflected back from the PC surfaces or directly prop-
agates through the membrane. This forms the direct pathway through the PC. On
the other hand, the incident light can excite guided resonances, and then the
coupled light is radiated back to outside the PC with a characteristic lifetime.
These resonant pathways interfere with the direct pathway as illustrated in
Fig. 4.3c and determine the PC reflection and transmission spectra [29–32]. For
example, if the interference is destructive on the transmission side and constructive
on the reflection side over a wavelength band of interest, the PC slab can achieve
high reflectivity near unity. Such spectral characteristics of the PC are closely
related to the physical parameters of the PC: the lattice constant, the slab thickness,
and the hole radius. The lattice constant decides the target operation range of the
PC. If the material constants do not vary with wavelength, then the physical
dimensions scale linearly in wavelength, but material dispersion is significant, so
linear scaling is only approximately correct. For instance, lattice constants of
400 nm and 820 nm have been reported for PCs designed for visible and 1550 nm
wavelengths respectively [21, 30]. The slab thickness and the hole diameter mainly
determine the properties of the guided resonances. In general, larger holes and
thinner slabs increase scattering and thereby decrease the lifetimes of the guided
resonances. This effect results in broader resonances in the PC spectrum, which is
desired in broadband, high-reflectivity mirrors. In contrast, smaller holes and
thicker slabs have the opposite effect, leading to longer lifetimes, which yields
sharper resonance features. The resonant peaks or dips shift in response to changes
in surrounding environment and these shifts are particularly straightforward to
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detect if the spectra contain sharp features, so long life time guided resonances are
well suited to sensing applications.

Due to their compactness and mechanical robustness, 2-D PC mirrors have been
incorporated into different platforms for beam steering [21, 23], polarization
control [33], optical filtering [34], and sensing. PC sensors can be divided into two
groups; Fabry-Perot-based sensors and spectral-shift sensors. In Fabry-Perot based
PC sensors one of the mirrors of a Fabry-Perot resonator is a 2-D PC slab reflector.
In these devices, broad band response of the PCs is preferable to make the sensors
operable over wide range of laser wavelengths. Such sensors have been developed
for measurements of acoustic waves [13, 35] and quasi-static pressure [36]. PC
Fabry-Perot sensors can also be extended to incorporate near-field coupling, i.e.
photon tunneling, effects [37] for added functionality.

Single-layer 2-D PC sensors based on spectral shifts of the PC reflection or
transmission spectra also have received a lot of attention due to their potential as
compact optical devices that measure a large variety of physical quantities, e.g.
refractive index, and bio-molecule associations [38–40]. Their sensitivity to the
surrounding media stems from the fact that the guided resonances in the PCs have
evanescently decaying fields outside the PC slabs, and these evanescent fields
interact with the media and these interactions determine the sensors, characteris-
tics. The shifts or changes of the resonant features in response to changes in the
media surrounding the PCs are monitored and analyzed for quantitative description
on the measurand. We will explain the fabrication of the PC fiber tip sensors and
their performance as sensors for refractive index and temperature in the Sect. 4.3.

4.3 Photonic Crystal Fabrication and Fiber Sensor
Assembly

We fabricate the PC fiber tips sensors in two stages: fabrication of 2-D PCs on
standard wafers in a silicon foundry and transfer of the PCs onto the facets of
single-mode optical fibers.

4.3.1 Photonic Crystal Fabrication

We fabricate 2-D PC membranes on silicon wafers using the Generation of
Photonic Elements by RIE (GOPHER) process, which employs a combination of
anisotropic and isotropic etch steps together with thermal oxidation [41].

The process starts with thermal oxidation of silicon wafers to grow an oxide
hard mask. Next we use a 5x reduction ASM-L i-line stepper to photolitho-
graphically inscribe the periodic arrays of cylindrical holes in photoresists spun on
the wafers (Fig. 4.4a). A square lattice of circular holes is used as the PC pattern.
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The optical stepper enables large-area patterns (e.g. 500 lm by 500 lm) with
submicron-features to be patterned on entire wafers very quickly and also enables
tuning of the PC optical characteristics by varying the hole size with different
exposure doses given a single photomask [21]. Next, we transfer the PC pattern to
the oxide hard mask (Fig. 4.4b) and subsequently to the silicon substrate by
Reactive Ion Etching (RIE). The etched depth in the silicon layer determines the
PC membrane thickness. Then, the exposed Si on the sidewalls and bottoms of the
holes are covered with thin, conformal thermal silicon oxide. We perform a series
of RIEs to remove the bottom oxide inside the holes without removing the sidewall
oxide (Fig. 4.4c) and extend the holes into the silicon substrate (Fig. 4.4d). The
side wall protection together with the hole extension beyond the sidewall pro-
tection determines the PC thickness after the upcoming isotropic silicon etching.
The PC layer is then partially or completely released in a timed isotropic undercut
etch. For fiber sensor applications, in which the PC is transferred onto an optical
fiber facet, the undercut etch is performed until the PC membrane is completely
released from the substrate (Fig. 4.4e). Finally, the oxide layer is removed by
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Fig. 4.4 2-D PC fabrication process flow: a Thermal oxidation and photolithography of the PC
pattern. b Oxide layer etch by RIE to transfer the PC pattern from the resist into the oxide hard
mask. c Si RIE, followed by conformal oxidation, and removal of oxide from the bottoms of the
PC holes by RIE. d Hole extension into Si by RIE. e Isotropic Si etch for PC membrane release.
f Oxide removal by HF. g Top SEM view of the fabricated PC. h Crosssectional SEM image of the
PC with a section removed by a focused ion beam to reveal the structure of the PC
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vapor HF to minimize stress during release and avoid membrane stiction problems,
which can arise from wet oxide etch (Fig. 4.4f). SEM pictures of a GOPHER-PC
(periodicity = 1 lm, hole diameter = 700 nm, thickness = 650 nm) are shown
as examples in Fig. 4.4g and h.

The GOPHER process has unique advantages compared to other PC fabrication
technologies based on silicon-on-insulator wafers or deposited thin films [30, 31].
The fabrication is based on standard Si processing technology and performed on
standard single crystalline silicon wafers, yielding a monolithic structure with
excellent PC material quality and mechanical properties that far exceeds those of
PCs made in deposited films (e.g. LPCVD silicon) or the device layer of the silicon-
on-insulator wafers. The absence of material stress mismatch in the GOPHER PCs
is particularly important, because it allows for fabrication of large-area devices that
can be transferred to any flat substrate. The GOPHER process is also compatible
with standard MEMS and CMOS processing, so photonic elements such as
waveguides and filters can be integrated with ICs and other photonic devices [42].
Furthermore, the process facilitates fabrication of multi-layered structures with
single photomask because the top layer can be used as a self-aligned mask for
bottom layers [43]. Multi-layered structures have interesting and unique optical
properties posing high potential in various applications including displacement
sensing [37], temperature sensing [44], and tunable filters [34].

4.3.2 Fiber Tip Sensor Assembly

After the silicon PCs are fabricated on silicon wafers, we transfer and affix them to
the facets of single mode optical fibers using different fixation techniques: point
welding with a Focused Ion Beam (FIB) [10], template-assisted gluing with epoxy
[44], and transfer-printing [23]. In the FIB method we utilize a FIB tool equipped
with an Omniprobe micro-manipulator. First, we partially cut out the PC mem-
brane with the ion-beam in a size large enough to completely cover the fiber core
(Fig. 4.5a). Then we bring the Omniprobe needle tip in contact with the PC and
weld the tip to the PC by selectively depositing a Platinum (Pt) patch onto the tip
(Fig. 4.5b). The welding is done on the corner of the PC in order to prevent the Pt
lump from affecting the PC optical property. Next, we lift the probe needle up to
pull the PC apart by breaking the remaining connecting sections (Fig. 4.5c). The
membrane is then transferred to a cleaved fiber facet and aligned to the fiber core
such that light from the core interacts only with the silicon PC (Fig. 4.5d). Pt is
deposited at the corners of the PC to bond it onto the fiber tip (Fig. 4.5e), and the
probe tip is retracted after being disconnected from the PC by ion-milling. The
assembled sensor is shown in Fig. 4.5f. The sensor has the transferred PC mem-
brane size of *30 lm 9 30 lm that covers the mode field size of the single mode
input from the fiber (Corning SMF-28e). Larger membranes may be used as long
as they fit within the 125 lm-diameter fiber facet.
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Even though the FIB method enables precise assembly of the PC membrane on
the fiber tip, it is a serial process, which may limit the fast production of a large
number of the sensors. The template-assisted epoxy bonding method is devised to
accelerate the sensor fabrication with batch-production capability. We fabricate a
silicon wafer template with a penetrating cylindrical hole whose diameter smaller
than the fiber diameter (Fig. 4.6a). We apply an epoxy on the template (Fig. 4.6b)
and apply suction through the hole, leaving the epoxy only on the boundary of the
hole (Fig. 4.6c). The fiber facet is aligned to the hole and brought in contact with
the template (Fig. 4.6d) so that the epoxy pattern is transferred onto the facet while
keeping the fiber core clean from the epoxy (Fig. 4.6e). Next, the fiber is pressed
on the PC membrane (Fig. 4.6f) and lifted up with the PC fixed to the facet after
the epoxy hardens. The perforation in the PC membrane facilitates the separation
and transfer process. This assembly method allows for economical batch pro-
duction of the sensors with easy extension to harsh environment applications by
replacing the epoxy with ceramic adhesives or glass glues [45]. However, this
method may require more sophisticated modeling and analysis in the sensor
characterization because a gap between the fiber tip and the PC due to the epoxy
thickness and a tilt angle of the PC membrane with respect to the facet may
influence the sensor responses. The transfer-printing technique can solve these
issues by directly affixing two flat surfaces of separate devices [46]. A PC
diaphragm fabricated on a silicon wafer can be picked up using a polymer
microstamp, and then transferred and printed on an optical platform, e.g. a fiber
facet. A high temperature annealing process is performed to form strong covalent

Fig. 4.5 Fiber sensor assembly using the FIB method: a a PC membrane is partially cut by ion-
milling and the Omniprobe tip is brought in touch with the PC. b The probe tip is welded to the
PC with Pt deposition. c The attached PC is pulled up and released from the substrate. d The PC
is transferred onto to a fiber tip. e The PC is affixed to the fiber facet with Pt welding at its
corners. f The probe tip is cut off by ion-milling. The dotted line represents the ion-beam
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bonds at the interface, which allows for more robust sensor structure than the
point-welding and the epoxy-gluing. However, the strict requirement of the flat
surfaces on both devices may limit or complicate the design, geometry, and fab-
rication of the devices.

4.4 Fiber Tip Sensor Characterization

2-D PCs are very sensitive transducers whose reflection/transmission spectra are
modulated in response to changes in their surrounding environment, and therefore
our PC-mounted fiber sensors enable compact sensing on robust and reliable
optical platforms. The incident optical field guided along the fiber is reflected back
from the fiber-PC sensor, which is exposed to different measurands, and the
modulation of the reflected signal, typically in a form of shifts in the PC reflection
spectrum, is used to analyze changes in the internal states and surrounding medium
of the PC sensor. In this section, we demonstrate refractive index and temperature
sensing with our sensor, showing high sensitivity to both parameters. We also
present high temperature performance that illustrates how its robust dielectric
material composition makes it promising for applications in harsh environments.

Si

Epoxy(a) (b)

(d) (e)

(c)

(f)

Fig. 4.6 Fiber sensor assembly using the template-assisted epoxy bonding: a a through-wafer
hole is etched on a silicon wafer using Deep RIE. The hole diameter is smaller than the fiber
diameter. b A small amount of an epoxy is applied around the hole. c Suction through the hole
removes the epoxy on the hole and form a ring pattern on the hole edge. d A cleaved fiber is
pressed on the template with fiber core aligned to the hole center. e The lifted fiber has the epoxy
only on its facet boundary, which allows the guided light in the core to interact purely with the
PC. f The fiber is pressed on the PC membrane and pulled away with the PC on it after the epoxy
hardens

78 B. Park and O. Solgaard



4.4.1 Sensitivity to Refractive Index

In order to examine the sensor response to refractive index variations, we immerse
the sensor in a de-ionized(DI) water/isopropanol(IPA) solution with different
concentrations at room temperature (Fig. 4.7a). The distal end of the fiber, onto
which the sensor is integrated, is spliced to a 3 dB-couplers. The input to the 3-dB
coupler is provided by a broadband light source (B&W TEK BWC-SLD for
1,250 * 1,650 nm). One output of the 3 dB coupler is connected to the sensor
fiber, while the other output port is connected to an angled fiber connector to
eliminate back reflections from that port. The back reflected optical field from
the sensor is detected and spectrally resolved in an optical spectrum analyzer
(Yokogawa AQ6370).

The reflection spectrum is measured at each concentration of the DI water/IPA
solution. Figure 4.7b and c shows that the reflection spectra have a sharp and
prominent minimum at about 1475 nm wavelength, and that the minimum shifts to
higher wavelengths as the IPA concentration increases. The center wavelength
shift of the reflectance minimum is plotted as a function of the effective refractive
index of the solution in Fig. 4.8a. The measured sensitivity is *213 nm/RIU
(Refractive Index Unit), which is about 3 times larger than that of core-exposed
FBG sensors (*71 nm/RIU) [6]. The measured spectra show that different fea-
tures of the spectra experience different amounts of shift in response to changes in
concentration. This is because the guided resonances of the PC sensor, which
determines the spectra, have different dependence on the external refractive index
variations. Therefore, each guided resonance excited at its resonant wavelength
results in the dissimilar spectral shift across the wavelength range. The chosen
spectral minimum represent close to the maximum sensitivity to refractive index
of this specific sensor. In combination with a spectroscopic measurement system
that has picometer resolution, the observed sensitivity leads to a refractive index
resolution of Dn * 5 9 10-6.
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Fig. 4.7 a Experimental setup. b Measured reflection spectrum of a fiber sensor exposed to
different DI water/IPA solution concentrations. c Zoomed-in view of the reflection minimum at
about around 1475 nm wavelength. The reflection minimum is red-shifted as the IPA
concentration increases. The graphs show that different parts of the spectra experiences different
amounts of shift in response to changes in concentration
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To understand and quantitatively describe the response of the sensor, we
compare the experimental result to Finite Difference Time Domain (FDTD)
simulations. The simplified simulation model consists of a top silicon layer with a
cylindrical hole at its center and a bottom glass layer as shown in Fig. 4.8b. The
hole and the region above the silicon layer are filled with a material corresponding
to the effective index of the solution to be measured. The glass represents the fiber
core, and a normally incident plane wave is used to model the incident optical field
on the optical fiber. The sidewall boundaries are treated as periodic while the top
and bottom of the simulation cell are terminated with perfectly matched layers.
Although the model is a simplified version of the sensor, it predicts a shift of
*222 nm for a refractive index change from 1.333 to 1.378 (Fig. 4.8c), closely
matching the observed results.

4.4.2 Sensitivity to Temperature

For temperature measurements, the experimental setup in Fig. 4.7a is slightly
modified. We immerse the same fiber sensor in DI water and control the water
temperature using a hot plate. The reflection spectra (Fig. 4.9a) are measured
while the water is cooled down from 80 �C. They exhibit the identical sharp
reflection dip around 1472 nm wavelength shifting to lower wavelengths as the
temperature decreases (Fig. 4.9b). The spectral shift of the minimum as a function
of the temperature (Fig. 4.9c) shows that the temperature sensitivity of the sensor
is *0.063 nm/�C, which is significantly better than that of FBG sensors [9].

We also compare the temperature results to FDTD simulations. In these sim-
ulations, we only consider the thermo-optic effect of the silicon photonic crystal
and water, i.e. the temperature dependent refractive index change [47, 48], and we
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Fig. 4.8 a Plot of center wavelength shift of the reflection minimum around 1475 nm as a
function of the effective refractive index of the solution being measured. b Unit cell model used
in FDTD simulations of the sensor. The unit cell consists of a uniformly thick silicon slab with
single cylindrical hole at its center and a glass substrate. c FDTD simulation results showing that
the spectrum red-shifts as the refractive index increases. As in the measurements, the shift is not
uniform over the wavelength range of the simulations
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ignore dimensional changes. Using this simplified model, we predict a shift of
*3.6 nm from 80 �C to room temperature (Fig. 4.9d), which agrees well with the
measured shift of *3.4 nm. Our model reveals that the refractive indices of the PC
and a surrounding measurand are the dominant factors determining the thermal
response of the sensor, while other effects such as thermal expansion of the PC and
refractive index changes of the fiber are less significant. The fiber is composed of
glass whose thermo-optic coefficient is an-order of magnitude smaller than that of
silicon [49], which explains its relative insignificance.

4.4.3 Simultaneous Detection of Refractive Index
and Temperature

The high sensitivity of our sensor to both refractive index and temperature of the
environment means that its spectral response is determined by the combined effects
of the two. Therefore, it is very important to unambiguously distinguish between
them when we measure the sensor output. A sensor with single characteristic
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Fig. 4.9 a Measured reflection spectra of the fiber sensor (the same sensor as in Fig. 4.7) at
different temperatures. b Zoomed view of the reflection minimum at about 1472 nm wavelength.
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simulation result showing a red-shift of 3.6 nm for temperature increase from 25 to 80 �C

4 Monolithic Silicon Photonic Crystal Fiber Tip Sensors 81



resonance does not support this capability because both quantities affect its output.
However, 2-D PCs have multiple guided resonances at different wavelengths, and
each resonance has a different field configuration inside and outside the PC.
Accordingly they are expected to respond differently to internal and external
changes in PC; external refractive index variation in the vicinity of the PC body
interacts with the outside field whereas the inside field is sensitive to internal
refractive index variations, which are mainly due to temperature change.

To clarify this effect, a 2-D PC (periodicity = 900 nm, hole diameter = 640 nm,
and thickness = 550 nm) on a fiber immersed in an IPA is simulated using the FDTD
simulation model presented in Fig. 4.8b. The simulated reflection spectrum is shown
in Fig. 4.10a. For a resonant peak at k = 1.46 lm the PC has a strong electric field
inside the hole and weak field inside the silicon (Fig. 4.10b), whereas for a resonant dip
at k = 1.53 lm the field is very weak inside the hole and strong in the silicon
(Fig. 4.10c). As a result, the mode at k = 1.53 lm is selectively sensitive to tem-
perature changes which affect the refractive index of silicon PC body. On the other
hand, the mode at k = 1.46 lm is sensitive to changes in the refractive index of a
surrounding measurand. By examining the independent behaviors of such two modes
with selective sensitivity to either temperature or refractive index, we can simulta-
neously determine two parameters of a medium to be measured. An experimental
demonstration of this capability is described in [10]. In comparison, the previous fiber
sensor shows maximum refractive index and temperature sensitivity at the same
reflection dip wavelength because the corresponding mode is sensitive to both
parameters. Therefore, this mode is not suitable for discrimination of two quantities.

4.4.4 High Temperature Measurement

The combination of high sensitivity to refractive index and temperature with its
compact construction using robust, high temperature dielectric materials (silicon
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Fig. 4.10 a FDTD simulated reflection spectrum of a 2-D PC (periodicity = 900 nm, hole
diameter = 640 nm, and thickness = 550 nm) on a fiber using the model in Fig. 4.8b. The
surrounding medium is IPA at 25 �C. b Electric field distribution(|Ey|) in the PC symmetry plane
at k = 1.39 lm. c Electric field distribution(|Ey|) in the PC symmetry plane at k = 1.55 lm. The
electric field is calculated with the FDTD simulation. The hole boundary is shown as dotted line
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for the PCs and silicon oxide for the fibers), gives our sensors the potential for
operation in harsh environments. In this section, we explore its thermal response
and stability in high temperatures up to 900 �C. For this purpose, we integrate our
PC sensors onto optical fiber using Si-welding bonding as shown in Fig. 4.11a.
This method avoids FIB deposited Pt, which contains organic material from its
metal-organic precursor and may decompose at high temperatures. Instead, we
mill the corners of the PC membrane with an ion beam, which leads to sputtering
and re-deposition of Si and oxide at the PC-fiber interface, yielding strong bonds,
which further enhance the sensor’s stability at high temperature by avoiding
thermal stress mismatch with Pt.

4.4.4.1 Experimental Setup

The high temperature experimental setup is similar to the previous setup except
that the sensor is positioned inside a quartz furnace as shown in Fig. 4.11b. We
cycle the temperature over 100–700 �C five times and measure the sensor
reflection spectra at every 100 �C change. Each cycle consists of heating and
cooling over the temperature range. These repeated measurements are designed to
check the stability of our sensors at high temperature. We also increase the tem-
perature above 700 �C and perform heating and cooling cycles in the 700–900 �C
temperature range with spectral measurements at 50 �C intervals. This higher
temperature range is expected to exceed the sensor’s stable operation regime. The
anomalous behavior of our sensors in this temperature range will be analyzed in
detail in the Sect. 4.4.4.2. The upper limit of 900 �C is chosen because the reli-
ability of optical fibers greatly decreases beyond this temperature due to thermal
diffusion of the fiber core dopants and glass devitrification [2].

4.4.4.2 Measurement Analysis and Simulation

For measurements in the 100–700 �C range, we observe that a narrow reflection
dip shifts from 1500 to 1580 nm wavelength with the same trend as in previous
temperature measurements; the spectra red-shifts when the temperature increases
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Fig. 4.11 a Fiber sensor for high temperature measurement and zoomed view of Si-welding
bonding at the PC-fiber interface. b Experimental setup for high temperature measurement
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while it blue shifts when the temperature decreases. Figure 4.12a clearly shows the
blue-shift during the fifth cooling cycle. The center wavelengths of the reflection
minimum measured during five cycles are plotted as a function of temperature in
Fig. 4.12b. They coincide with each other with a linear sensitivity slope of
0.11 nm/�C. This demonstrates not only stable and repeatable sensor operation in
this temperature range, but also the very high temperature sensitivity of the sensor
compared to that of high-temperature FBG sensors (*0.01 nm/�C) [9].

We also run FDTD simulations to clarify the physics of the sensors at high
temperature. We extend the simulation model in Fig. 4.8b by incorporating the
characteristics of the optical fields on single-mode fibers into the model. In practical
single mode fibers, the guided mode profile can be approximated as a Gaussian
shape propagating within the core. Therefore, we build a large simulation cell of
finite silicon PC hole arrays sitting on a glass cube with a cylindrical core of slightly
higher refractive index at the center. Perfectly matched layers are applied to all
boundaries, and the input is a Gaussian beam with the mode size matching the mode
field diameter of a standard single mode fiber (SMF) at 1550 nm wavelength. The
2-D PC has the following dimensions: periodicity = 850 nm, hole diame-
ter = 700 nm, and thickness = 520 nm. GOPHER-generated 120 nm-high scal-
lops are added to the bottom of the PC.

Again we are only considering temperature-induced changes to the materials of
the sensor due to the thermo-optic effect of silicon and glass [47, 49], while we
ignore dimensional changes. The simulation results for 100 and 400 �C are pre-
sented together with experimental data in Fig. 4.12c. Although the simulated curves
do not match exactly, the simulated shift of 27.7 nm closely predicts the experi-
mental shift of 30.7 nm. We expect that the discrepancy is due to the simplifications
we make in modeling of the PC-fiber system (e.g. spherical GOPHER undercut,
fixed PC dimension, and wavelength-independent input modal size). The relatively
close match of experimental and modeling results indicates that the thermo-optic
effect of the sensor materials is the main factor determining the sensor’s thermal
response. Since silicon (*10-4 K-1) has an order of magnitude higher thermo-optic

1300 1350 1400 1450 1500 1550 1600
0.0

0.2

0.4

0.6

0.8

1.0

R
ef

le
ct

iv
it

y

Wavelength(nm)

100C(FDTD)
100C(Experiment)
400C(FDTD)
400C(Experiment)

30.7nm

27.7nm

1490 1505 1520 1535 1550 1565 1580

0.2

0.3

0.4

0.5

0.6

R
ef

le
ct

iv
it

y

Wavelength(nm)

700
600
500
400
300
200
100

100 200 300 400 500 600 700
1500

1510

1520

1530

1540

1550

1560

1570

1580

D
ip

 C
en

te
r 

W
av

el
en

g
th

 (
n

m
)

Temperature (C)

y=0.1101x+1493.5
R2=0.99852

(a) (b) (c)

Fig. 4.12 a Reflection spectra measured during the fifth cooling cycle (700 to 100 �C). b Dip
center wavelength with respect to temperature during 100–700 �C temperature cycles. The slope
or sensitivity of the sensor is 0.11 nm/�C. c Comparison of FDTD simulation and experimental
data: a simulated 27.7 nm maximum shift agrees well with an experimental 30.7 nm shift for a
temperature change from 100 to 400 �C
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coefficient than glass (*10-5 K-1) [47, 49], the silicon PC has the largest impact
on the temperature sensitivity. The observation that our sensor has 10x higher
sensitivity than FBGs can be explained from this material point of view; FBG relies
on the thermo-optic effect of glass, the core material of the optical fiber. If higher
sensitivity is required for an application, other semiconductor materials with larger
thermo-optic coefficient, such as GaAs (*1.25 9 10-4 K-1) and Ge
(*3 9 10-4 K-1) can be used for PC sensor fabrication [50, 51]. However, their
lower melting points may limit the maximum operation temperature of the sensor.

We test the sensor’s operation limit by raising the temperature above 700 �C
and cycling heating and cooling over 700–900 �C three times. The dip center
wavelengths at every 50 �C interval are plotted as a function of temperature in
Fig. 4.13a. Two distinct phenomena, which are different from the previous
700–900 �C results, are observed. First, as the temperature approaches 900 �C in
one heating cycle, the dip shift gradually deviates from the previous linear trend
towards a decreased slope and consequently lower sensitivity. Second, a perma-
nent spectral drift is observed after each cycle and the amount of the drift per cycle
decreases as the cycles repeat.

We first discuss how the sensitivity is reduced above 700 �C. The refractive
index of silicon is reported to increase linearly up to 750 �C [52], and this thermo-
optic effect of silicon plays a significant role in the sensor’s spectral behavior as
described previously. Therefore, the lower sensitivity indicates that the effective
thermo-optic coefficient of the silicon PC decreases as the temperature is heated to
900 �C. At such high temperatures, silicon thermal oxidation starts and the in situ
grown oxide film exerts stress on the silicon PC surface, which compensates for
the increase in its refractive index [53]. The net result is smaller thermo-optic
effect in the PC and hence smaller dip shifts. We compare the measured dip shift to
a simulated value to confirm the effect of oxidation-induced stress on the sensor.
The sensor stays above 700 �C for more than 40 min per cycle in our experiment,
and we measure the thermal oxide film thickness on a PC sample under one
temperature cycle to be 18.2 nm using an ellipsometer (J.A. Woollam M2000
Spectroscopic Ellipsometer) as shown in Fig. 4.13b. The corresponding average
oxide film stress at 846 �C is about 300 MPa [54], and we analytically calculate
the silicon surface stress to be *1GPa under the assumption of the ideal bending
stress distribution over the cross-section of a composite beam. This leads to stress-
induced silicon refractive index decrease of 0.01 [53]. When this effect is con-
sidered in FDTD simulations, a 7.34 nm blue-shift is predicted (Fig. 4.13c). This
value closely matches the measured offset of 4.5–10 nm compared to the values
extrapolated from the 100–700 �C data. In addition to the decreased thermo-optic
effect, the PC dimensions slightly changes as thermal oxidation consumes silicon;
the PC becomes thinner and its hole diameter becomes larger. Also, the grown
oxide layer conformally covers the PC surface. When all these effects (dimension
change, oxide coating, stress-induced refractive index change) are taken into
account in the FDTD simulations, a 30.6-nm dip shift is predicted as shown in
Fig. 4.13d. This is also consistent with the total measured drift after three tem-
perature cycles. The good agreement between the oxidation model and the
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experimental results is a strong indication that in situ oxide stress is a big factor for
the sensitivity reduction above 700 �C.

The second observed anomalous behavior is the permanent drift of the reso-
nance dip after each cycle. During the cooling process, the dip center wavelength
shift is linear with a slightly higher sensitivity of 0.12 * 0.13 nm/�C. This is
likely caused by the fact that the refractive index modulation due to existing
surface stress constructively adds to the original thermo-optic effect. The differ-
ence in the slope during heating and cooling stages results in the observed drift.
Moreover, plastic deformation of the silicon structure may also be a factor because
the silicon yield strength decreases at high temperature and is lower than the
calculated stress at 700 �C or above [55]. The thermal oxidation and the plastic
deformation are irreversible, and therefore lead to a permanent spectral shift
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Fig. 4.13 a Maximum spectral wavelength shift as a function of temperature during three cycles
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However, the amount of shift decreases after each cycle because of the slow-down
of the oxidation process with thicker oxide coverage and relaxation of the oxide
film and the silicon.

In summary, our PC fiber tip sensor can reliably operate up to 700 �C with a
high sensitivity of 0.11 nm/�C, but thermal oxidation of the silicon PC brings
about lower sensitivity and permanent shifts beyond 700 �C. The stable temper-
ature range of the sensor can be extended above 700 �C by applying a conformal
oxidation barrier film on the silicon PC or using more robust materials, e.g. silicon
carbide (SiC) for PCs [56].

4.5 Conclusion

Photonic Crystal fiber facet sensors are highly sensitive and well suited to operation
in challenging environments. The monolithic silicon PCs are fabricated using the
GOPHER process, which is based on standard Si processing and standard Si wafers.
The batch fabricated PCs are integrated onto fiber facets using one of several micro-
assembly techniques optimized for different applications; FIB welding yields robust
interfaces, while template-assisted adhesive bonding or transfer-printing are more
cost effective. The fiber-facet design enables compact fiber sensors that are
mechanically, thermally, and chemically robust in spite of the fact that they are
comprised of different materials (glass and Si). The ability to combine different
materials without compromising robustness enables the design of high sensitive
refractive index and temperature sensors. These sensors are especially promising
for harsh environment, such as oil wells, gas turbines, automotive engines, geo-
thermal instruments, and aircraft propulsion systems, where other sensors fail due
to corrosive chemicals and high temperature/pressure. Moreover, 2-D PC slab on
fiber facet sensor technology facilitates optimization and extension of the sensor
performance through several types of modifications of the PCs: the use of different
materials (e.g. higher thermo-optic coefficient, higher melting point), surface
functionalization or passivation, and multi-layered PC structures.
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