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Abstract. A microdisplacement sensor formed by a fixed and mobile
hole-array based slot photonic crystal (slot-PhC) components is demon-
strated. The sensing technique is based on a nanoscale cavity with a
high-Q factor in photonic crystals (PhCs). The high-Q nanocavity (H0-
cavity) is formed by only laterally shifting two adjacent holes outwards
slightly in the opposite direction. The properties of the microdisplacement
sensor are analyzed theoretically and simulated using the finite-difference
time-domain method. The simulation results indicate that with a proper
operating frequency, a quasilinear measurement of microdisplacement is
achieved with a sensitivity of 1.0a− 1 (a is the lattice constant) in the sens-
ing range between 0.00a and 0.20a. Although other researchers such as
Xu et al.1 who demonstrated a micro displacement sensor possessing an
equivalent sensitivity, the Q factor is only 40. In this paper, combined with
harmonic analysis, we show numerically that an intrinsic Q value of up to
6×103 is achieved. In addition, it is worth mentioning that when the pa-
rameters of the H0-cavity are determined, the resonant frequency of the
H0-cavity remains approximately constant as the mobile PhC segment
shifts along the common axis. It will be easier and more accurate for mea-
surements in practical applications. C© 2011 Society of Photo-Optical Instrumentation
Engineers (SPIE). [DOI: 10.1117/1.3574528]
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1 Introduction
The measurement of a microdisplacement is of great impor-
tance in many engineering fields, such as aerospace, structure
health monitor, microelectromechanical system (MEMS),
etc. Micro displacement sensor is one of the key elements
in these systems for their precision measurements of mi-
crodisplacement with microscale size. In addition, it could
also be potentially significant for applications such as atomic
force microscopy and biochemical sensing.

Over the past decade, photonic crystals (PhCs) are consid-
ered a type of periodic dielectric structure with the capability
to realize ultracompact optical devices and manipulate light
propagation,1 which have been studied extensively for sens-
ing applications in recent years. In addition, the development
of nanotechnologies allowed the possibility to fabricate pho-
tonic crystal (PhC) structures. So far, with further study and
research, a large number of architectures regarding a mi-
crosensor based on PhCs technology, have been proposed in
works and researches on various sensors with different func-
tions, such as micro displacement sensor,2–5 stress sensor6, 7,
and biochemical sensor,8–12 etc. Among these designs, ultra-
sensitive displacement sensing using photonic crystals have
been demonstrated.2–5 Examples of such systems include that
of Levy et al.3 who demonstrated a 2D PhC microdisplace-
ment sensor based on PhC waveguide which can provide a
sensitivity of ∼1 [μm− 1] and Xu et al.1 who demonstrated
a microdisplacement sensor based on line-defect resonant
cavity in PhC which can provide a sensitivity of 1.15a− 1
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(a is the lattice constant). However, in Ref. 3, there needs
to be three detectors to be used to obtain the normalized
intensity, which does not only complicate the structure of a
microsensor, but also the error in any of the detectors will
deteriorate the measurement results. In Ref. 1, although only
one detector is needed to be used and the line-defect res-
onant cavity structure of the device is simple, the Q value
is only 40 and cannot meet the requirements of practical
application. Other types of displacement sensing depending
on guided resonances in photonic crystal slabs, have also
been presented.4, 5 Their sensing mechanisms are based on
photon tunneling and Fano interference, and a 20-dB trans-
mission contrast can be obtained when the distance between
two slabs changes by about 1% of operating wavelength.
However, due to their complicated line shapes in the near-
field regime, such devices are mainly used as ultrasensitive
displacement switching, rather than as a sensor to measure
the exact displacement.

In this paper, we propose a microdisplacement sensor
formed by a fixed and mobile hole-array–based triangular lat-
tice slot photonic crystal (slot-PhC) components with high-Q
factor nanoscale cavity, which enables us to enhance the Q
value of the sensor device without compromising the sensitiv-
ity. And, the sensing technique is based on high-Q nanoscale
cavity in PhCs. The high-Q nanocavity (H0-cavity) is formed
by only laterally shifting two adjacent holes outwards slightly
in the opposite direction. The properties of the microdisplace-
ment sensor are analyzed theoretically and simulated using a
finite-difference time-domain (FDTD) method. The simula-
tion results show that with a proper operating frequency and
structural parameters settings, a quasilinear measurement of
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Fig. 1 Layout of the linear displacement sensor based on 2D slot-
PhC with triangular lattice of air holes. This structure is composed of
a fixed PhC segment and a mobile PhC segment.

micro displacement is achieved with sensitivity of 1.0a− 1

and an intrinsic Q value of up to 6×103 in the sensing range
between 0.00a and 0.20a.

2 Theoretical Analysis
Figure 1 shows the layout of our microdisplacement sensor
based on two coplanar slot-PhC segments with a triangular
lattice hole-array structure, one fixed and the other mobile.
The two segments are aligned along a common axis. The
light emitted from the light source propagates through the
fixed PhC segment and coupled to the moving PhC segment.
The transmission intensity of the H0-cavity is detected by
a photodetector and the resonant peak occurs when the H0-
cavity is at resonance. When the mobile slot-PhC segment is
shifted along the common axis, the transmission intensity of
this slot-PhC cavity will decrease. In another point of view,
for light with a certain frequency propagates through the slot-
PhC, its radiation intensity in the resonant cavity measured
by a detector is a function of the relative displacement (�x) of
mobile slot-PhC. As a result, with proper structural parameter
settings and operating frequency, this structure can work as
a microdisplacement sensor with high sensitivity and high Q
factor.

This sensor architecture is different with a F-P sensor.
There are mainly three differences between them: first, un-
like the traditional F-P cavity, it is a PhC cavity (H0-cavity)
coupled with a slot waveguide in our sensor, and the two
slot-PhC segments serve not only as mirrors, but also as
photonic crystal waveguides with high coupling efficiency,
which avoids the leakage in the direction perpendicular to the
common axis. Secondly, the transmission properties of these
two type of cavities differ a lot, which will be discussed in
the following section. Thirdly, the distance between the two
slot-PhC segments can be smaller than the operating wave-
length, thus, this sensor can measure the displacement itself
in the nanoscale, however, it is stringent for a conventional
F-P sensor to meet this requirement since it no longer func-
tions when the distance between the mirrors is in that order
of magnitude.

Naturally, in a coupled system as considered here, the
total quality factor Q and maximum transmission intensity
at resonance depend on the intrinsic Q of the cavity and the
coupling strength of the system. The Q factor is expressed as

Fig. 2 Calculated y-component of electric-field (Ey) distributions in
the x-y plane when the microdisplacement �x = 0 and the lattice
shift sx = 0 (Fig. 1).

follows :2

Q =
(

1

Qw
+ 1

Qr

)−1

= Qw Qr

Qw + Qr
(1)

where Qw is the lifetime of light to decay from the cavity into
the waveguide, and Qr is the lifetime of light to radiate from
cavity into surrounding air. In terms of these quantities, the
transmission coefficient through this PhC resonant cavity for
different frequencies can be approximately expressed as the
following Lorentzian function,13

T (ω,ω0) = (ω0/2Q)2

(ω − ω0)2 + (ω0/2Q)2
(2)

where ω0 is the resonant frequency, and Q is the quality factor
of the resonant cavity.

With a certain operating frequency ω we can then derive
the variation of transmission coefficient (or the intensity in-
side the cavity) when the microdisplacement of the moving
PhC �x varies from x to x + �x,

�T (�x) = T (x + �x) − T (x) (3)

After expanding T(x + �x) into the form of Taylor series, we
obtain

�T (�x) = T ′(x) · �x + T ′′(x)

2
· �x2 + O(�x) (4)

In practical applications, we should choose a proper operat-
ing frequency ω1 to make the sensor work in the quasilin-
ear region.14 When ω1 is specified corresponding to that
is T ′′(ω0, ω1) ≈ 0, �T(�x) can be truncated as a linear
function.

S = �T

�x
(5)

3 Device Design and Simulation Results
Based on the theoretical analysis above, a microdisplacement
sensor is designed in a 2D slot-PhC with triangular lattice of
cylindrical air holes in silicon (nsi = 3.48), and shown as
Fig. 1. Compared with the device presented in Refs. 1 and 3
hole-array–based PhC presented in this paper is usually able
to be selectively remove the material underneath the cavity
to form a similar free-standing membrane, which can be
better to reduce the vertical leakage into the substrate than
the pillar-array–based PhC cavity in practical applications.
To the contrary, a pillar-array–based 2D PhC is difficult to
form a similar free-standing membrane.
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Fig. 3 Calculated y-component of the electric-field (Ey) distributions
in the x-y plane when the microdisplacement �x = 0.15a and the
lattice shift sx = 0 (Fig. 1); (a) slot-PhC; (b) W1-PhC.

In this section, we will introduce the slot-PhC waveg-
uide used for the device of the micro-displacement sensor in
Sec. 3.1. Then, we will introduce the design of the resonant
nanocavity (H0-cavity) coupled to the slot-PhC waveguide
in Sec. 3.2. Finally, we will display the sensing simulation
results and discussion of microdisplacement sensor based on
the slot-PhC coupled to high-Q nanocavity in Sec. 3.3.

3.1 Slot Waveguide Design
Slot waveguides were originally proposed and experimen-
tally demonstrated by Almeida et al.15–17 A slot waveguide
is comprised of two high refractive index structures sepa-
rated by a nanoscale gap filled with a low refractive index
material (here it is air). In our design, the air slot waveguide
plays an important role for three reasons as follows. First,
the slot waveguide can realize strong field localization in
free space as shown in Fig. 2, when the width of the slot

Fig. 4 FDTD simulation showing the transmission intensity inside a
cavity for a microdisplacement device consisting of a slot waveguide
with a coupled side H0-cavity adjacent to it. Inset is the steady state
electric field distribution for the resonant wavelength in the x-y plane
as the lattice shift sx = 0.20a.

Fig. 5 Intensity for different displacements of mobile slot-PhC seg-
ment, the peak value of the resonant inside the cavity decreases from
0.828 to 0.628 when the displacement shifts from 0.00a to 0.20a, and
the operating frequency is chosen near 0.25(2πc/a).

waveguide, is wslot = 0.45a. The physical mechanism can
simply be understood as the local field enhancement at di-
electric boundaries. Generally, the electric field of the TE
mode in the PhC nanocavity is mainly y-polarized (the co-
ordinate axes are defined in Fig. 1), so that the boundary
condition for the electric field holds at the surfaces of the
air-slot wall.18

ε · Ein = ε0 · Eout. (6)

Here, Ein and Eout represent positions slightly apart inside
and outside the PhC material (here it is silicon, nsi = 3.48),
respectively. Therefore, the intensity in the low index region
is enhanced by a factor of ε/ε0 compared with the intensity
in the high index region.

Second, as the light propagates through the gap between
the fixed PhC segment and the mobile PhC segment, the
slot waveguide is able to enhance the coupling efficiency
between the fixed and the mobile slot-PhC segment, as shown
in Fig. 3. From Fig. 3, compared with the coupling efficiency

Fig. 6 The peak point resonant value of the five different situations
when the displacement shifts from 0.00a to 0.20a with an interval
of �x = 0.05a. Inset is the steady state electric field distribution for
the resonant wavelength in the x-y plane for different microdisplace-
ment. The orange dotted line represents the resonant frequency ω0
= 0.2492(2πc/a).
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Fig. 7 Variation of intensity as a linear function of microdisplacement
x, the green square dots present the simulation values, and the red
line is the linear regression result with the regression coefficient of
0.99987.

of W1 waveguide based PhC (W1-PhC) segments [Fig. 3(b)],
we can see that the coupling efficiency between the fixed
slot-PhC and the mobile slot-PhC is significantly improved
[Fig. 3(a)]. The final reason is that the width of the slot
waveguide can be turned to adjust the Q factor of the PhC
cavity.

3.2 Resonant Nanocavity Design
In practice, a two-dimensional (2D) photonic crystal has
emerged as one of the most important platforms to fabri-
cate a high quality factor (Q) optical microcavity, such as
Ln cavity,19 mode-gap cavity,20 and H0-cavity.21 In this pa-
per, based on the slot-PhC waveguide structure, we increase
the Q-factor of our device by using the high-Q microcavity
(H0-cavity) which is designed by shifting the two red holes
outwards slightly in the opposite direction as shown in Fig. 1.
This variation can achieve Q-factors as high as 6×103 in our
design. At the same time, it provides better coupling between
the slot waveguide and the cavity.

Based on the sensing element architecture as shown in
Fig. 1, by applying the FDTD method carried out using soft-
ware (meep) with subpixel averaging for increased accuracy,
the corresponding transmission intensity inside the H0-cavity

with the spectra of light source are plotted in Fig. 4 and the
Q factor of the device is calculated about 5970 by harmonic
inversion software (harminv) when the microdisplacement
�x = 0 and the lattice shift sx = 0.2a (Fig. 1). The resonant
frequency of this H0-cavity is only dependent on the lattice
shift sx in our design, namely, when the parameter settings of
the H0-cavity are determined, the resonant frequency of this
PhC cavity computed by harmonic inversion software could
be almost constant with the mobile slot-PhC segment shifted
along the common axis. However, its radiation intensity in-
side cavity measured by detector is changed as a function
of the relative displacement (�x) of moving PhC. As a re-
sult, with proper structural parameter settings and operating
frequency, this structure can work as a microdisplacement
sensor with high sensitivity.

3.3 Sensing Simulation Results and Discussion
Based on the theoretical analysis above, a microdisplace-
ment sensor is designed in a 2D PhC with triangular lattice
of cylindrical air holes in silicon (nsi = 3.48), and shown
in Fig. 1 with the structure parameters of the radius of bulk
air holes r = 0.32a, the width of the slot waveguide wslot
= 0.45a, and the lattice shift sx = 0.20a. With these param-
eters, the H0-cavity has a Q factor of 5970. This 2D PhC has
a PBG only for TE modes,7 thus in this work, we only con-
sider the TE modes situation. The simulation resolution is set
to 26 (grid points every a/26) with subpixel averaging en-
abled to increase accuracy,22 and the entire simulation space
is surrounded by a perfectly matched layer of thickness 2.0a,
absorbing at the boundaries any fields emitted by the cavity.23

For simplicity, we define the position where the adja-
cent fixed and moving segments stay close together (namely
the microdisplacement �x = 0) as the original point. The
displacement is positive and inreases gradually as the mobile
segment shifts away from the fixed one, as indicated in Fig. 1.
The sensitivity is defined as the ratio between the variation of
transmission intensity and the corresponding displacement.
Then, the sensing characteristic of this sensor is simulated.
A Gaussian pulse is excited from light source with a center
frequency [ω = 0.25(2πc/a)], (c is the velocity of light in
free space). The mobile PhC segment moves from x = 0.00a
to x = 0.20a with an interval of �x = 0.05a, the correspond-
ing transmission intensity with the spectra of light source are
plotted in Fig. 5.

Fig. 8 (a) The resonant frequency and Q factor for different lattice shift sx of sensor cavity, the lattice shift sx increases from 0.05a to 0.35a. (b)
Theoretical sensitivity as a function of the lattice shift sx of sensor cavity.
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In order to better demonstrate the character of the micro
displacement sensor, we only select the peak resonant value
of the five different situations when the displacement shifts
from 0.00a to 0.20a with an interval of �x = 0.05a and
plotted in Fig. 6.

As shown in Fig. 6, with the increase of the micro dis-
placement ranging from x = 0.00a to x = 0.20a, the resonant
frequency of the resonant nanocavity is almost unchanged
within the deviation about 0.12%. However, the transmission
intensity inside a cavity gradually attenuates as the microdis-
placement ranging from x = 0.00a to x = 0.20a. And, the
variation of intensity is a linear function of displacement as
plotted in Fig. 7. By the simulation data shown in Fig. 6
and Eq. (5), it is possible to calculate the microdisplacement
sensor sensitivity that is equal to 1.0a− 1.

Meanwhile, in order to further investigate the performance
of the proposed sensor, we discuss the resonant frequency, Q
factor, and the sensitivity of the sensor by varying the lattice
shift sx of the H0-cavity. As shown in Fig. 8(a), the resonant
frequency ω0 declines with the increasing of lattice shift sx
of the H0-cavity, but the Q factor of resonant mode changes
significantly at the same time. Furthermore, the sensitivity
changes with the lattice shift sx of the H0-cavity as indicated
in Fig. 8(b). For instance, when the lattice shift sx of the H0-
cavity is altered from 0.05a to 0.25a, the sensitivity increases
from 0.54a− 1 to 1.21a− 1 correspondingly. Therefore the
sensitivity can be enhanced by optimizing the lattice shift sx
of sensor cavity.

In actual implementations, the robustness of the sensor
against dimensional errors is a significant factor. The ef-
fects of structural disorder on the sensor’s performances are
checked succinctly in the following two cases: (1) for the shift
of the mobile slot-PhC segment in the perpendicular direc-
tion, 0.05a is introduced; and (2) for random errors involved
in the radius of air holes, 4% and 2% relative error, respec-
tively. In case (1), the resonant frequency almost remains
unchanged, the sensitivity is 0.98a− 1, and the regression co-
efficient is 0.99986. In case (2), the sensitivity is 1.05a− 1,
and the regression coefficient is 0.99996. As shown in Fig. 9,
the performances of the error-introduced and error-free struc-
tures, we note that they have similar behavior.

Fig. 9 Sensing performances of the micro displacement sensor in
the cases of 1. the mobile slot-PhC segment shifts 0.05a in the per-
pendicular direction; 2. Random errors are introduced in the radius
of air holes; 3. error-free structure. The initial lattice shift of the cavity
sx in Fig. 1 is 0.20a.

4 Conclusions
In summary, we have demonstrated a microdisplacement sen-
sor formed by a fixed and a mobile slot-PhC segment and
its sensing technique based on slot waveguide coupled to a
high-Q resonant cavity in 2D PhCs with triangular lattice of
cylindrical air holes in silicon. When the operating frequency
is proper, the variation of radiation intensity inside the cavity
is a quasilinear function of the relative displacement of the
mobile slot-PhC segment in a specified range. For the sensor
with the lattice shift of the cavity sx = 0.20a, a quasilinear
measurement of microdisplacement is achieved with a sen-
sitivity of 1.0a− 1 in the sensing range between 0.00a and
0.20a, and the Q factor of resonant cavity is up to 6000. In
addition, we also demonstrated that when the parameter set-
tings of the cavity are determined, the resonant frequency of
this PhC cavity shifts within deviation about 0.12% as the
mobile PhC segment moves along the common axis. It will
be easier and more accurate for measurements in practical
applications.
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