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Guided-Mode-Resonance Reflectors for Performance
Enhancement of Sapphire Based Fabry-Perot

Sensors in Harsh Environment
Wang Jiayan , Ma Zhibo, Yuan Xichen, Sun Xu, Tang Luhong, Xi Qi, and Wang Yinan

Abstract—This paper presents a guided-mode resonance (GMR)
reflector for sapphire based Fabry-Perot (F-P) sensors that enables
tunable or wideband high reflectance with high temperature resis-
tance, which is expected to effectively regulate the performance of
F-P sensors and offer a novel approach for designing F-P sensors
in harsh environments. Intrinsic and extrinsic GMR gratings are
proposed, and their optical and thermal properties are investigated
and compared through numerical simulations, such as rigorous
coupled-wave analysis and finite element analysis methods. The
quantitative results indicate high feasibility for harsh environment
applications and the potential for adopting different demodulation
methods. Significant enhancement in the F-P sensor performance is
obtained through analysis based on the F-P interference model, and
the spectrum fineness and sensor sensitivity can be enhanced by at
least one order of magnitude. The GMR reflector can be extended
to other types of F-P sensors, demonstrating significant potential
in high-temperature applications.

Index Terms—Fabry-Perot sensor, guided mode resonance,
harsh environment, sapphire.

I. INTRODUCTION

PRESSURE and acoustic sensing in harsh environments are
urgently required in various major industrial fields, par-

ticularly in aerospace applications such as gas turbine engines.
In situ, real-time measurement of pressure and acoustic signals
generated in compressors, combustors, and turbines is one of the
most effective approaches for realizing damage prediction, com-
bustion monitoring, and thrust assessment of engines [1]. How-
ever, harsh environments with high temperature, pressure, and
corrosiveness, especially in the combustor and turbine, require
extreme tolerance of the adopted sensor for in-situ measurement,
which makes most current electrical sensors unsuitable.

Fiber optic Fabry-Perot (F-P) sensors, particularly extrinsic
Fabry-Perot interference sensors (EFPISs), have exhibited broad
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prospects in harsh environment applications owing to their high
sensitivity and potential high temperature resistance caused by
the strong variability of the diaphragm material. Numerous
efforts have been made to improve the performance of EFPISs
in high-temperature applications by utilizing silicon carbide [2],
quartz [3], and sapphire-based [4] diaphragms. Among them,
sapphire is the most promising material because of its excellent
physical and chemical stability, temperature resistance, and op-
tical properties, hence its wide application in fiber optic sensors,
especially for pressure sensing [5]–[8].

The performance of EFPIs can be divided into three key
parts of signal-mechanic, mechanic-optic and optic-electric,
which in turn depend upon the mechanical compliance of the
diaphragm, the reflectivity of the diaphragm-air interface, the
optical-electricity transfer efficiency of the read-out circuit as
well as the demodulation algorithm, the overall performance
of EFPIs is relative to all three parts [9]. The signal-mechanic
part of sapphire EFPIs is relatively hard to optimize due to
the difficulty of fabricating sapphire brought by its extreme
hardness and stable chemical property. In contrast, a more
feasible alternative for improving the mechanic-optic part may
be through regulating the reflectance of sapphire-air interface.
Generally, metal reflector membrane is widely used to form a
high-reflectance interface in EFPIs [9]–[13], this is beneficial to
improving spectrum fineness as well as light-fiber coupling effi-
ciency. However, the thermal stress caused by the heterostructure
at high temperatures may break the continuity of the reflector
membrane.

Guided mode resonance (GMR) effect, owing the ability
of tailoring optical field and reflect spectrum, is proven to be
capable of applying in various optical devices such as wideband
reflector [14]–[19]. The capability of regulating reflect spectrum
also bring significant potential for application in F-P sensor [20],
[21]. Aiming for the widely adopted demodulation methods
of F-P sensor such as light intensity based [10]–[13] or phase
based [22]–[24] method, a carefully designed GMR is capable
to provide most suitable spectrum. Meanwhile, GMR grating
is expected to exhibit higher temperature resistance than metal
reflector for the absence of continuous hetero layer. Therefore,
it is believed that GMR grating is a promising technique for
property enhancement of sapphire based EFPIS.

In this paper, GMR gratings are proposed to optimize the
performance of sapphire based Fabry-Perot sensor, the GMR
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Fig. 1. Model of periodic structures in intrinsic GMR reflector. Λi, fi, dg , ds
are the period, fill factors, thickness of grating layer, and substrate layer,
respectively.Minc describes the magnetic component of the incident light while
ψ and θ denotes its incidence and polarization angle. nsapphire and nair are
the refractive indexes of sapphire and air and are 1.745 [25] and 1, respectively.

gratings are divided into intrinsic and extrinsic type. For the two
types of GMR grating, both wideband reflector and narrow band
filter waveforms are separately realized based on their physical
mechanisms. The parameters of the GMR grating are obtained
through the particle swarm optimization (PSO) algorithm with
rigorous-coupled-wave analysis (RCWA) as the kernel, and the
results are confirmed by comparing those calculated by both
finite element analysis (FEA) and RCWA methods. Furthermore,
the influence of high temperature on GMR performance has
been investigated through numerical simulations, which further
supports the discussion on the applicability of these two types of
GMR. In conclusion, a novel approach is proposed to improve
the performance of a sapphire based EFPIs, which shows broad
prospects for a wide range of high-temperature sensor applica-
tions.

II. PROPOSED GMR REFLECTOR AND DESIGN METHOD

A. Intrinsic GMR Reflector

The proposed intrinsic GMR reflector without the hetero layer
is shown in Fig. 1. The overall structure consists of a grating
layer with width dg and a substrate layer with width ds, while a
square array of air holes with period Λi and fill factor fi (ratio
of hole radius to period) is constructed on the grating layer.
Given that multiple optical modes are likely to exist in practical
applications, the reflector is designed to be centrosymmetric
to ensure the necessary polarization independence for potential
adaption.

The current design was chosen considering the relative dif-
ficulty in forming a wideband reflectance using sapphire be-
cause of its low refractive index, and as the width of the high-
reflectance band may be broadened through the introduction
of a sublayer [15], [18]. The increased degree of freedom in
design is also beneficial for obtaining a spectrum with multiple
characterizations.

B. Extrinsic GMR Reflector

To enhance the versatility of our device and supplement the
limitations of the intrinsic GMR reflector caused by a low
refractive index, an extrinsic GMR reflector with scatters is
proposed. Compared with the intrinsic GMR reflector, the over-
all structure is simplified and consists of only periodic scatters
and a sapphire substrate; therefore, the input parameters for

Fig. 2. Model of periodic structures in sapphire-based extrinsic GMR
reflector.Λe, fe, de, are respectively period, fill factor, thickness of grating layer
and substrate layer. nsapphire and nscatter denotes the refractive index of
sapphire and scatter respectively.

PSO can be reduced’ to three parts: period of scatter array
Λe, fill factor fe(scatter radius/period), and thickness of scatter
de, as displayed in Fig. 2. Moreover, the optical property of
the extrinsic GMR reflector is mainly manipulated by scatters
on the sapphire substrate, which eliminates the demand for
substrate thickness and significantly increases the applicability
in realizing GMR grating.

Herein monocrystalline silicon is chosen to make scatters
considering that silicon based micro fabrication is mature thus
bring in convenience in manufacturing scatters. Moreover, sil-
icon has a relatively high refractive index at λ = 1.55μm
(nMono−Si = 3.48 [26]), which is essential to form a strong
resonance mode to manipulate the optical property of scatter.

C. Design Method

A particle swarm optimization (PSO) algorithm associated
with rigorous-coupled-wave-analysis (RCWA) has been utilized
to search for suitable parameters of GMR gratings, which is
a robust and readily adopted strategy for GMR grating design
[17]. The numerical method to calculate reflectance is based
on RCWA, which constructs a fuzzy mapping between grating
parameters and reflectivity and can be used to invert parameters
based on target reflectivity. The whole flow of designing GMR
reflector is exhibited in Fig. 3. The particles are firstly initialized
with positions and velocities in parameter searching space, the
searching space is set according to the type of grating and
the expected geometric size, as given in Table I. Subsequently,
the fitness function of each particle is calculated, the globally
optimal value is selected and then used to estimate whether the
loop is end or not. Here, the position of particle stands a set
of grating parameters in the searching space, the reflectance
and fitness function of this set is obtained by RCWA, therefore
RCWA functions as a feedback kernel. The loop stops when
reaching maximum iterations (500 iterations set in our calcula-
tion), or the fitness function achieve its threshold (1× 10−10 in
our calculation).

In our case, considering the target of the wideband flat-top
reflector (WFR) and tunable-reflectance reflector (TRR), the
fitness function of the PSO is respectively given in equation
(1) and (2) as follow. Moreover, the working waveband is set
to be 1.45μm− 1.65μm considering that the dimension of
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TABLE I
PARAMETERS SEARCHING SPACE OF GMR GRATING

Fig. 3. Flow chart of the PSO algorithm used in designing GMR reflector.

the GMR cell is similar to its objective wavelength, and thus
a relatively large wavelength would significantly enhance the
feasibility of fabrication by increasing the minimum linewidth in
micro-fabrication. Meanwhile, the dispersion and birefringence
of sapphire is ignored during calculation, which is expected to
simplify the analyze model and saving the time consumption for
subsequent investigation, corresponding verification supporting
this setting can be found in following chapter. Therefore, only
the refractive index at λ = 1.55μm is used in the calculation.

Generally, wideband reflectance is formed by a single reso-
nance mode that exists in a wide waveband or several resonant
modes closely adjacent in the wavelength domain [15]–[19],
therefore the reflectance could be nearly 100% over a wide
range. Accordingly, the fitness function is defined as a root-
mean-square-type equation as follows:

F =

√√√√ 1

N

N∑
i=1

[1−Rc (λi)]
2 (1)

where 1 is the expected zero-order reflectance, Rc(λ) is the
counterpart in PSO calculated by RCWA, N is the number of
discrete points, and λi is the discrete wavelength point in the
working waveband.

On the other hand, tunable-reflectance can be realized as long
as a rising or falling edge exists; therefore, several mechanisms
could be used to create a TRR, such as a sharp peak in the
spectrum inspired by the resonance of a specific wavelength
[27], [28]. Meanwhile, the width and location of the edge are
not considered because it is relatively complicated to describe

TABLE II
PARAMETERS OF GRATING

an edge mathematically; therefore, the fitness function for de-
signing the TRR is defined as

F = 1−max (Rc (λi = 1...N )) +min (Rc (λi = 1...N )) (2)

where max(Rc(λi = 1...N )) and min(Rc(λi = 1...N )) represent
the maximum and minimum reflectance in every optimization
loop during the PSO calculation. The equation is not a rigorous
definition of rising/falling edges, and the result of the PSO cannot
be fixed uniquely. However, for the guided mode, resonance
always leads to a sharp peak with an amplitude close to 100%,
as we know; thus, a rising/falling edge can be expected to exist
in the objective spectrum after several optimizations.

III. OPTICAL SIMULATION

Table II displays the parameters of both the wideband and
narrow band reflectors of the intrinsic/extrinsic GMR gratings
calculated by PSO.

To verify the correctness of our design method and the as-
sumption that dispersion and birefringence of sapphire can be
ignored during calculation. Intrinsic WFR is taken as example,
the spectrum is calculated by FEA & RCWA, refractive index
with dispersion and with birefringence of sapphire.

As shown in Fig. 4, the results calculated by different methods
and refractive models demonstrate close agreement but with
a small deviation of approximately several nanometers overall
shift.

For Fig. 4(a), this might be caused by several factors which
are not related to the structure, such as meshing imprecision and
numerical truncation error in different calculation methods in
RCWA and FEA methods.

For Fig. 4(b), refractive constrast is known as the main factor
that affect the property of GMR reflector, the difference between
our applied refractive index ( nsapphire = 1.745) and those
given by previous work with dispersion [29] is only 0.01%–
0.5%, therefore we believe it is the small quantity of refractive
contrast difference that leads to two similar spectrums.

As for birefringence of sapphire, according to [30], and given
that z-axis of GMR reflector is set as the c-axis of sapphire, the
refractive index is reconsidered defined as a diagonal matrix with
diagonal line of [ne ne no], where no = 1.745 (λ = 1.55μm)
stands the refractive index of ordinary light and ne = 1.738
(λ = 1.55μm) represents the refractive index of extraodinary
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Fig. 4. Reflectance spectrum of sapphire based intrinsic GMR grating calcu-
lated by (a) RCWA and FEA, (b) Refractive index with dispersion and without
dispersion, (c) Refractive index with birefringence and without birefringence.
Where the incident angle θ = 0◦ and the polarization angle ψ = 90◦ (TM
polarization).

light propagating through directions perpendicular to c-axis. The
difference of no and ne leads to two spectrums with same extent
but with an overall shift of only 0.8nm , shown in Fig. 4(c).

Based on Fig. 4, we can conclude that the design of our GMR
reflector is effective, and the refractive index can be simplified
as a constant value without considering the dispersion and
birefringence, which will significantly reduce the complexity
of model and save time consumption for following analysis.

Following, the reflectance spectra of all types of GMR grat-
ings are calculated through FEA, and the mechanisms of both
extrinsic and intrinsic reflectors are discussed, as shown in
Figs. 5, 6 and 7. It is worth mentioning that previous efforts
have been made on multiple decomposition in analyzing the
optical properties of similar scatters [31], which can be used
to investigate the underlying mechanism of our GMR grating.
Herein, we focus on the design and application of GMR grating,
and so present only a simplified explanation in the following
discussion as opposed to a rigorous mathematical model.

A. Intrinsic GMR Reflector

A preliminary description of the optical properties of the
intrinsic WFR can be found in Fig. 4, a band of R > 0.85 in
the range of 1.495μm to 1.573μm across 78nm exists in the

Fig. 5. (a) Reflectance spectrum of sapphire based intrinsic wideband flat-top
GMR reflector on logarthmic scale. (b), (c), (d) is the distribution of magnetic
field’s y-aixs component in x-z plane respectively at λ = 1.496μm. λ =
1.544μm and λ = 1.571μm.

Fig. 6. (a) Reflectance spectrum of sapphire based intrinsic tunable-reflectance
GMR reflector. (b) and (c) indicate the distribution of the magnetic field’s y-axis
component in the x-y plane respectively at the trough λ = 1.468μm and peak
λ = 1.477μm.

Fig. 7. Optical property of extrinsic GMR grating simulated through FEA. (a)
and (b) indicate the reflectance spectrum of WFR and TRR simulated by FEA.
(c), (d) and (e) show the distribution of the magnetic field’s y-axis component
in the x-z profile of WFR and TRR scatter, respectively at λ = 1.55μm,
λ = 1.475μm and λ = 1.565μm, where pink cones indicate the vector
of displacement current, and the size of the cone is propotional to the current
amplitude.
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spectrum. To investigate the formation of this wideband reflec-
tion, the corresponding reflectance and transmittance spectra are
displayed on a logarithmic scale, which magnifies the fluctuation
in the spectrum and helps to identify the latent resonance peaks
[16], [17], as shown in Fig. 5(a).

As shown in Fig. 5(a), there are three troughs inside the trans-
mittance spectrum, each indicating a guided-mode resonance,
located at λ = 1.496μm, λ = 1.544μm, and λ = 1.571μm.
Furthermore, the band is much less flat than the extrinsic wide-
band flat-top GMR reflector with scatters, which is assumed to
be because the refractive index of sapphire is much lower than
that of monocrystalline silicon, which leads to less efficiency in
confining light and forming resonance. Another feasible expla-
nation is that the band of the intrinsic GMR reflector resulted
from the co-existence and interaction of the three guided mode
resonances, while the band of the extrinsic GMR reflector is
caused by a single strong resonance mode.

For further consideration of the formation of this reflection
band, the internal magnetic field distribution in the intrinsic
wideband flat-top GMR reflector is shown in Fig. 5(b)-(d) at
λ = 1.496μm, λ = 1.544μm, and λ = 1.571μm. According
to the pattern, it may be assumed that the resonance is generated
via coupling of evanescent diffraction waves and a leaky mode
supported by the grating, which in turn forms a standing wave
pattern; these leaky mode resonances form independent troughs
in the transmittance spectrum and further result in a high re-
flectance band located in the range of 1.495μm to 1.573μm.

The spectrum of the intrinsic TRR is shown in Fig. 6(a), where
a rising edge across1.468μm-1.477μm is found in the spectrum,
and the variation of reflectance of this edge ranges from 0.1% to
99.9%. According to previous studies of dielectric GMR grat-
ings, the spectrum is assumed to be formed by the co-existence
of two closely distributed resonances and a Fano resonance is
responsible for the sharp rising edge we’re looking for [31], [32].
Furthermore, considering that the high refractive index part of
the tunable-reflectance intrinsic GMR reflector is continuous,
the distribution of the magnetic field on the x-y profile is given
to help further discussion, as shown in Fig. 6(b)–(c).

As can be seen, the resonance patterns of λ = 1.468μm
and λ = 1.477μm indicate similar trends of distribution along
the y-axis, but an obvious difference in the distribution along
the x-axis. In other words, the guided mode supported by the
grating at λ = 1.468μm and λ = 1.477μm exhibits a differ-
ence in phase along the x-axis, forming destructive interference
and constructive interference with incident light, respectively,
resulting in the trough and peak in the spectrum.

B. Extrinsic GMR Reflector

As for extrinsic WFR, Fig. 7(a) shows a flat top reflectance
spectrum across 1.45μm− 1.65μm formed by our optimized
grating parameters. The underlying physical mechanism is as-
sumed to be a magnetic dipole resonance generated by eddy
displacement current in the scatter, which forms a strong reso-
nance and causes the wide, flat-top band [30]. The mechanism of
λ = 1.55μm is displayed in Fig. 7(c), note that the distribution

of magnetic field at other wavepoints in the flat-top band exhibits
same pattern.

As for extrinsic TRR, a peak with a rising edge across
1.475μm− 1.565μm appears in the reflectance spectrum, as
shown in Fig. 7(b). To investigate the mechanism behind this,
the distribution of the magnetic field located at λ = 1.475μm
and λ = 1.565μm was obtained and compared, as shown in
Fig. 7(d) and Fig. 7(e). The most significant distinction between
the two patterns is that the magnetic fields of the scatterers are
coupled with each other in the case of λ = 1.475μm, which
can be further confirmed by the area indicated by the blue circle
in Fig. 7(d), where the displacement current passes through the
adjacent scatters and then forms an eddy current. On the other
hand, the magnetic field is confined in the scatter in the case
of λ = 1.565μm, and λ = 1.565μm is also speculated to
be the starting point of a high reflectance band considering the
shape of the spectrum. Moreover, the underlying mechanism of
the high reflectance band is considered to be a weak magnetic
dipole resonance according to the distribution and amplitude
of the magnetic field, as well as the spatial location of the
displacement current, as shown in Fig. 7(e). In conclusion, the
trough in the spectrum is caused by a resonance mode that
occurs when there is a coupling effect between adjacent scatters.
Considering the spectrum, it is also reasonable to believe that
this type of resonance can only be produced by incident light of a
specific wavelength. It is also worth mentioning that other factors
such as resonance motivated by high-order multiples can also
bring troughs or apexes in the spectrum, whereas here we only
discuss the mechanism of the reflector with one set of calculated
parameters.

IV. TEMPERATURE INFLUENCE ON OPTICAL PROPERTY

In order to investigate the applicability of our proposed GMR
device, the temperature resistance was theoretically investigated.
Herein, the transformation of the optical properties of GMR in
high-temperature environments is mainly attributed to the ther-
mal expansion effect (TEE) and the temperature effect of refrac-
tive index (TERI) of the grating. The thermal expansion model
of intrinsic and extrinsic GMR gratings is discussed separately
in the subsequent chapter, owing to their different mechanical
constraints. However, the effect of temperature on the refractive
index should be the same for both types of gratings. Generally,
refractive index is described as a function of wavelength and
temperature, however, the dispersion of both sapphire and silicon
is extremely low in the infrared waveband [25], [26], therefore
the refractive index of λ = 1.55μm is utilized in calculation.
In addition, the refractive index with respect to temperature is
given as,

nT = n0 + σ (T − T0) (3)

Where nT , n0 is the refractive index at the current tempera-
ture and initial temperature, respectively, σ is the thermal-optic
coefficient of the refractive index, the values of sapphire and
silicon are used according to previous studies [33], [34], T and
T0 are the current and initial temperatures, respectively. Note
that the TERI of air is not considered because of its extremely
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TABLE III
LOCATION AND REFLECTANCE OF SAMPLING POINTS FOR INTRINSIC

REFLECTOR

low σ, thus formula (3) is related only to sapphire in the case of
an intrinsic GMR reflector but should be utilized twice for both
sapphire and scatter in the case of an extrinsic GMR reflector.

A. Intrinsic GMR Reflector

In the case of an intrinsic GMR reflector, the TEE of the
entire GMR grating is simplified to a linear combination of
single GMR cells in Cartesian coordinates with only linear TEE,
and a single GMR cell can be chosen as the research objective.
According to previous research on the properties of sapphire,
the coefficients of thermal conductivity, thermal expansion, and
thermal diffusion [35] are imported into an FEA-based analysis
model to obtain the swell increment along each axis. The overall
process of the simulation is shown in Fig. 8(a), which presents
two main steps of thermal analysis and optical simulation based
on the reconstructed geometry of the grating. Note that the
parameters mentioned above are described as a second-order
tensor because of the anisotropy of sapphire; thus, the expansion
is not the same along every axis.

The external temperature of the grating was set to be 298−
1898 K with 400 K as the interval to investigate the influence
of temperature on the intrinsic GMR grating. As shown in
Fig. 8(d) and (e), both reflectors’ reflection spectra show a
similar extent of redshift without changing the spectrum shape
in the whole spectrum. To quantify the influence of temperature
on the reflection spectrum, two points located at the peak and
valley of the spectrum and both sides of the high-reflectance
band are chosen for the TRR and WFR, as marked in Fig. 8(d)
and (e). The reflection and wavelength of these points at different
external temperatures are listed in Table III. It is clear that the
redshift of the whole spectrum, and the amplitude of this redshift,
are approximately proportional to the temperature variation
with ratios of approximately 0.015 nm/K and 0.0175 nm/K
for WFR and TRR, respectively. In conclusion, according to
our calculation only a linear offset of the spectrum occurs as
the temperature increases. Thus, the intrinsic GMR grating is
expected to be theoretically effective for the linear offset of the
spectrum, which can be easily compensated for by shifting the
waveband in the demodulation process.

Fig. 8. (a) flow diagram of the thermal analysis process. (b) and (c) give the
TEE data to reconstruct geometry of intrinsic WFR and TRR. (d) and (e) indicate
the reflection spectrum of intrinsic WFR and TRR grating at different external
temperature, black points and arrows indicate the chosen sampling points.
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TABLE IV
LOCATION AND REFLECTANCE OF SAMPLING POINTS FOR EXTRINSIC

REFLECTOR

B. Extrinsic GMR Reflector

In the case of an extrinsic GMR reflector, the thermal analysis
process is similar to that of the intrinsic GMR grating, and a cell
with a single scatter was chosen as the objective. However, the
nonlinear effect cannot be ignored because of the tight mechan-
ical constraint brought by the scatter-substrate interface, which
leads to nonlinear thermal expansion of scatter. Meanwhile, the
thermal stress brought by the hetero interface was also calculated
to evaluate the temperature resistance of the scatter. Previous
studies on the thermal properties of silicon have provided its
coefficient of thermal conductivity [36], thermal expansion [37],
and thermal diffusion [36], [38]; herein, these parameters are
imported to FEA to obtain the thermal expansion and stress
of scatter. Meanwhile, the temperature influence on refractive
index of silicon is also considered, and the coefficient of refrac-
tive index versus temperature is selected according to Jellison
et al. [34]. The adjusted thermal analysis process is shown
in Fig. 9(a).

For thermal stress analysis, to the best of our knowledge no
previous effort has been made to measure the bonding strength
of a silicon membrane on a sapphire substrate; thus, herein we
provide only the calculation result of thermal stress for a pre-
liminary evaluation, as shown in Fig. 9(b). The magnitude of the
thermal stress at the scatter-substrate interface is approximately
linear with the temperature variation, and reaches approximately
3 GPa at 1298 K. Detailed thermal stress data are shown in
Table IV.

For the optical property, the thermal expansion of the scatter
is first obtained through FEA. Herein, the external temperature
loaded on the extrinsic grating is set to be 298K − 1298K with
200K as the interval. The thermal expansion of the scatter is
assumed to be nonuniform along the z-axis because the bottom
of the scatter is tightly bonded to the substrate, while the top
of the scatter is free, and the coefficient of thermal expansion
(CTE) of sapphire is higher than that of silicon; therefore, the
cylindrical scatter should become a shortened cone as the exter-
nal temperature rises. This is demonstrated by Fig. 9(c) and (d),
wherein the expansion of scatter at the bottom is slightly faster
than at the top, and the height of scatter decreases. Subsequently,

the reflectance spectrum is calculated based on the reconstructed
geometry of scatter and the adjusted refractive index according
to the thermal-optic effect of silicon [35], as shown in Fig. 9(e)
and (g). The detailed data of the location and reflectance of the
marked points in Fig. 9(e) and (g) can be found in Table IV,
where the reflectance at the end point of the TRR is chosen
to be approximately 70% for convenient display. The entire
spectrum of extrinsic WFR and TRR shifts slightly toward the
infrared waveband, and the ratio of redshift versus temperature
variation can be calculated as 0.0125nm/K and 0.0015nm/K,
respectively, which is the maximum value chosen from several
ratios for the offsets that are nonlinear to temperature variation.
The amplitude of the red shift is significantly smaller than that
of the intrinsic reflector, which can be attributed to the lower
thermal expansion for the extrinsic scatter dimension being
much smaller than that of the intrinsic reflector, as can be seen in
Fig. 8(b) and (c), and Fig. 9(c) and (d). Meanwhile, as shown in
Fig. 9(h), the offset is not linear with the variation in temperature,
which also verifies the assumption that the thermal expansion of
the scatter is nonlinear.

In conclusion, the temperature resistance of the extrinsic
GMR grating is apparently lower than that of the intrinsic GMR
grating owing to the thermal stress caused by the hetero layer
and the low melting point of the scatter material. Additionally,
the temperature-induced optical property degeneration of the
extrinsic reflector is significantly lower than that of the intrinsic
reflector, which indicates a better temperature resistance.

V. APPLICABILITY ON F-P SENSOR

A. Sensor Architecture

Our proposed GMR reflector can be easily integrated into
sapphire-based F-P sensors, especially the extrinsic F-P sensor,
as shown in Fig. 10, which displays a schematic view of our
proposed GMR reflector applied to a typical sapphire-based
FFPI pressure sensor. The GMR structure should be fabricated
on a small area of the diaphragm in order to decrease the
influence on the diaphragm’s mechanical properties, whereas
the area should also be at least 2 ∼ 3 times larger than the
spot size to effectively activate the GMR reflector. Moreover,
a collimator with a large focal length is necessary for the optical
path of the sensor, considering that most of the commercial lasers
can only generate a Gaussian beam, which may invalidate the
GMR reflector, and as a Gaussian beam can be transformed to
a quasi-plane wave when passing through a collimator with a
large focal length.

Correspondingly, fabrication approaches related to EFPIs
mentioned above are given below. For intrinsic GMR reflector,
two sapphire wafers are firstly sputtered with a nanometer gold
layer and then bonded through thermocompression technique,
as shown in Fig. 11(a). One of the bonded wafers is then lapped
to desired thickness using sapphire CMP lapping technique [39],
here the other sapphire wafer functions as a support substrate,
as shown in Fig. 11(b). Subsequently, an area is pre-etched to
the design thickness, then intrinsic GMR reflector structure is
patterned and formed through e-beam lithography and sapphire
ICP etching [40], as shown in Fig. 11(c)-(d). Finally, wafer is cut
to small pieces by laser, and then the temporary bonding layer is
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Fig. 9. (a) Flow diagram of the thermal analysis process for extrinsic GMR grating. (c) and (d) give the variation data to reconstruct the geometry of the scatter for
WFR and TRR at different external temperatures, respectively; note that the height variation of scatter is along the -z direction, therefore the scatter is shortened as
temperature grows. (e) and (g) indicate the corresponding reflection spectrums, where black points and arrows are the chosen sampling points. (f), (h) respectively
gives the zoom in view of zone marked with black dashed rectangular in (e) and (g).

moved through chemical etching and the fabricated diaphragm
with GMR reflector is bonded to a substrate by epoxy to form
sensor head, as exhibited in Fig. 11(e)-(f).

For extrinsic GMR reflector, a commercial silicon-on-
sapphire (SOS) wafer is lapped to designed thickness through

sapphire side, given in Fig. 12(a)-(b). Subsequently, e-beam
lithography and silicon ICP etching techniques are used to form
scatters array pattern, as shown in Fig. 12(c)-(d). Finally, the
wafer is cut to small wafers and furtherly bonded to substrate by
epoxy to form sensor head.
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Fig. 10. Schematic view of sapphire-based GMR reflector applicated on a
typical EFPI pressure sensor.

Fig. 11. Fabrication flow of EFPIS integrated with intrinsic GMR reflector.

Fig. 12. Fabrication flow of EFPIS integrated with extrinsic GMR reflector.

B. Fabry-Perot Interference Spectrum Regulation

According to the sensor architecture shown above, an F-P
interference model combined with a Gaussian beam model is
applied to evaluate the result of utilizing the GMR grating in the
F-P sensor.

Ir (L) = =
a

∫
0
A

2πI0r

w2
0

exp

(
−2r2

w2
0

)
dr (4)

A =
R1 +R2 + 2

√
R1R2 cos (ϕ)

1 +R1R2 + 2
√
R1R2 cos (ϕ)

, ϕ =
4πnL

λ
(5)

Equation (4) is an approximate expression of the Gaussian
beam, where a is the radius of the fiber; I0 is the light intensity
in the center of the spot; A is a coefficient corresponding to the
F-P interference as shown in equation (5); R1 and R2 are the
reflectivity of the mirrors forming F-P interference; and n , L,
λ indicate the refractive index, cavity length, and wavelength
of incident light, respectively. The spot radius is considered
as a constant, w0 , considering that a Gaussian beam can be
approximated as a plane wave when passing through a collimator
with a large focal length, and the variation of the spot radius can
be ignored in this case.

TABLE V
′(L0) AND DYNAMIC RANGE OF THE F-P SENSOR UTILIZING

TUNABLE-REFLECTANCE GMR GRATING AND METAL REFLECTOR

Equations (4) and (5) can be used to quantitatively predict
the F-P spectrum of our case, where only A is calculated and
4πnnL/λ is varied from0 to2π during the calculation to obtain a
spectrum with a complete period. Furthermore, the phase change
of reflected light caused by the GMR effect is not considered
in our calculation because previous works have proved that the
phase change is constant; thus, the phase can be compensated by
measurement and shows no influence on the theoretical analysis.

C. Intensity Based Demodulation Method

The intensity-based demodulation method is widely adopted
in F-P sensors, which require no large dynamic range but high
sensitivity, such as in acoustic sensors. However, the sensitivity
and dynamic range of the sensor are mutually restricted be-
cause the linear range of the spectrum decreases as the fineness
increases. In this case, the proposed tunable-reflectance GMR
grating is highly suitable for obtaining the optimized dynamic
range and sensitivity by tuning the reflectance.

Here, the sensitivity can be partitioned into three series-wound
stages, including pressure-mechanical sensitivity, mechanical-
optical sensitivity, and optical-electrical sensitivity, which is
similar to the model illustrated by Hunt et al. [9]. Therefore,
the mechanical-optical sensitivity (SMO) is strictly related to
the reflectivity of the mirrors forming F-P interference and can
be expressed as

SMO =
dIr (L)

dL
= I

′
r (L0) = αA′ (L0) (6)

where α is an equivalent coefficient replacing the complex
expression of equation (5), and L0 indicates the initial cavity
length of the F-P cavity. Only A′(L0) was calculated to evaluate
the enhancement of sensitivity by utilizing the GMR reflector.

The end face of the fiber is assumed to be coated by a metal
reflector membrane, and a tunable reflectance GMR grating is
integrated on the diaphragm. Therefore, we set R1 = 0.99 and
R2 = 0.30.60.90.99 as the input parameters for equation (5)
to simulate the case of utilizing TRR and metal reflector, and
the curves are shown in Fig. 13(a). A′(L0) is calculated by
traversingL0 over the entire period range and the working points
are chosen where the maximum A′(L0) is located, as marked by
black points and arrows in Fig. 13(b). The dynamic range was
chosen according to the nonlinearity of the quasi-linear range,
with a threshold of 5%, as given by Fig. 13(b). Detailed data on
the dynamic range and sensitivity are given in Table V.



6826011 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

Fig. 13. (a) Calculated coefficient A versus cavity length using TRR with
reflectance of R2 = 0.30.60.9 and metal reflector with reflectance of R2 =
0.99, R1 = 0.99 is set to simulate that a metal reflector has been coated on
the end face of fiber. (b) Illustration of defining working point (midpoint of
quasi-linear range), dynamic range and A′(L0).

As can be seen from Table V, the sensitivity of the F-P sensor
appears to be enhanced by two orders of magnitude according
to equation (6), however, the dynamic range also decrease from
118nm to 13nm. Herein, only three groups of reflectivity are
used in the calculation, and considering the reflectivity tuning
range of our GMR grating, more appropriate sensitivity and
dynamic range may be achieved by carefully adjusting the
reflectivity. Meanwhile, though A′(L0) can be improved to
64.603 by using metal reflector, however, the dynamic range
is only 6nm and the performance of sensor can not be tuned
due to constant reflectivity offered by metal reflector.

D. Spectrum-Based Peak-to-Peak Demodulation Method

The accuracy of the positioning apex in the spectrum is im-
portant in spectrum-based demodulation methods, especially in
the peak-to-peak method. Generally, the accuracy of the locating
apex can be influenced by both resolution of spectrometer and
the fineness of spectrum, where the common point of both
methods is to highlight the apex. The proposed GMR grating is
also useful for spectrum-based demodulation methods because
of its ability to significantly increase the fineness of the inter-
ference spectrum. This is especially useful for the peak-to-peak
method for low fineness and brings uncertainty in determining
the position of adjacent apexes, further resulting in the inaccurate
determination of cavity length, as given by equation (7) [41]:

d =
λ1λ2

2ΔλMN
(7)

where d is the length of the Fabry-Perot cavity, λ1 and λ2 are
the locations of adjacent apexes in the spectrum, and ΔλMN is
the wavelength spacing of adjacent apexes.

Fig. 14. Calculated reflectance spectrum of Fabry-Perot cavity formed by two
mirrors of fiber end face and diaphragm with GMR grating, thereinR1 = 0.99
andR2 equals the reflectance of GMR grating. (a)R2 equals the reflectance of
extrinsic WFR; (b)R2 equals the reflectance of intrinsic WFR. The black points
and arrows indicate the sampling points chosen to calculate the fineness.

Therefore, we compare the spectrum of the following two
circumstances assuming that the end face of the fiber is coated
with a metal reflector:R1 = 0.99, R2 = 0.04 , andR1 = 0.99.
R2 equals the reflectance of the WFR in its flat-top band, and
the spectrum is calculated according to equations (4) and (5); the
cavity length is therefore set to be L = 50μm, and the result is
shown in Fig. 14.

For the convenience of quantitatively evaluating the result
of utilizing the GMR grating, the fineness of a few troughs
calculated using equation (8) are marked in the Fig. 14.

F =
2π

Δδ
(8)

Where F stands the fineness of spectrum and Δδ represents
full width at half maximum of an apex. As can be seen, the fine-
ness of the spectrum formed by the pure sapphire diaphragm and
metal-coated fiber is approximately 2.59, while the maximum
fineness of the GMR WFR is approximately 44.07. Therefore,
the fineness of the apex can be greatly improved by integrat-
ing the GMR grating. Furthermore, considering that the high
reflectance band of the intrinsic GMR reflector is less flat than
that of the extrinsic GMR reflector, as illustrated in the previous
section, the reflectance and fineness are marked together for the
two apexes in Fig. 14(b).

VI. CONCLUSION

A sapphire-based GMR reflector for F-P sensors applied
in harsh environments was proposed in this paper. The GMR
reflector is separately designed for intensity-based and phase-
based demodulation methods using the PSO algorithm with a
target spectrum exhibiting a falling/rising edge or a flat-top high
reflectance band, called TRR and WFR, respectively. Mean-
while, the GMR reflector is divided into extrinsic and intrinsic
types by the material of scatter, and the optical properties and
temperature resistance are investigated through numerical sim-
ulation approaches. For WFR, the extrinsic GMR grating shows
R > 0.99 across the wavelength range of 1.45− 1.65 μm, while
the intrinsic GMR grating shows R > 0.85 across only a 78 nm
bandwidth in the wavelength range of 1.495− 1.573μm owing
to the low refractive index of sapphire. As for TRR, both extrinsic
and intrinsic gratings exhibit available falling or rising edges
with similar temperature resistances. In general, the extrinsic
GMR grating is more suitable to be adopted for manipulating
performance of sensor due to the strong optic control ability,
however the temperature resistance of intrinsic GMR grating is
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obviously higher than that of extrinsic GMR grating mainly due
to absence of thermal stress brought by hetero-layers.

Finally, the sensitivity enhancement of a typical F-P sensor
produced by our GMR reflector was investigated through the
F-P interference model, and the results show that the sensitivity
can be improved by two orders of magnitude while the dynamic
range is decreased to the same level, and the optimized value
of these two indexes can be found by tuning the reflectance
of the reflector. In addition, the fineness of the spectrum can
be promoted by one order of magnitude by adopting the GMR
WFR, which could further improve the accuracy of positioning
apexes for the phase-based peak-to-peak demodulation method.
This indicates the excellent availability of our GMR reflector
and its broad prospects in harsh-environment applications. This
work can also be extended to research on weakly modulated
GMR gratings using low-refractive-index materials and sapphire
substrates used in GaN-based lasers.
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