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Sensor of small movements, based on one-dimensional photonic crystal

with defect
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The results of computer simulation of optical properties of one-dimensional (1D) photonic crystal (PC) with
defect, based on the layers Si-SiO, in near IR range are presented. The optical thicknesses of layers, which form
PC, were 1/4, 31/4 and 101/4. Defect was formed by air gap in the middle of PC. The influence of defect
thickness on spectral position of the transmission band of defect was studied. It was shown that the sensitivity on
the defect thickness d is in the range of A1/Ad = 330—1200 nm/um and 0.6—0.85 dB/nm, depending on sensor
geometry and measurement method. This makes 1D PC with defect promising for the use as sensitive element in

sensors of small movements.
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Introduction

Small displacement measurement plays an important role
in high-tech industries. In particular, in the manufacture
of liquid crystal displays (LCD) and in the manufacture of
semiconductors. There are a number of small displacement
sensors with high sensitivity. Optical displacement sensors
provide high resolution. They have high sensitivity and
are not sensitive to electromagnetic blasts. An example
is a coherent photonic scanning tunneling microscope
with a resolution of 1.6mm [1]. It uses heterodyne
interferometry to measure both the phase and amplitude
of the optical short-range field. Another example is a
homodyne polarization laser interferometer for high-speed
small displacement measurements with a resolution of
0.5nm [2]. The small displacement sensor described in [3],
based on the critical angle method and the confocal method,
has a resolution of approximately 5nm. In [4] it is shown
that using geometric optics and plasmon resonance in
metal nanoparticles nanometer resolution is possible to be
obtained when measuring absolute distances. Meanwhile ,
most small displacement sensors have a complex design and
high cost.

PC and photonic crystal fibers are widely used in
sensing [5-11]. PC and fibers are resonant optical systems.
Their spectral and amplitude characteristics depend on
external and internal changes, such as temperature, pressure,
field-induced birefringence, and medium refraction index.
All these effects can be used in the development of sensors.
PC can be used to measure temperature [12], the medium
refraction index [9], electric and magnetic fields, mechanical
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stress, angles, including for measuring small displacements.
In [13,14] small displacement sensors based on photonic
crystal fibers are described. Metamaterials [15-17] can be
used to create 1D PC.

If the periodicity of the photonic crystal is disrupted by
a defect, then a specific spectral area with different optical
properties can be created. The defect area can support
modes with frequencies inside the photonic band gap. But
since the defect guidance band is surrounded by a photonic
band gap, emission within the defect remains limited. As a
rule, the defect guidance band is very narrow. This allows
the creation of sensors with very high sensitivity.

The purpose of this paper was to study the optical
properties of a 1D PC with a defect from the point of view
of the opportunity of its use as a small displacement sensor,
as well as to consider the influence of the PC geometry on
its sensitivity.

1. PC geometry and method of numeric

simulation

1D PC consists of 4 pairs of Si-SiO , layers with a
defect in the center, which is an air gap (n=1). Si
and SiO , layers have a high refraction index contrast:
n = 3.4 and 146, respectively. This allows the use of only
4 pairs of layers in a photonic crystal without deteriorating
its optical characteristics. The layers can be formed by
vacuum deposition on silicon wafers with a thickness of
1-2mm. The outer surfaces of silicon wafers should
have anti-reflective coatings. It should be noted that the
internal surfaces of silicon wafers participate in interference
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Figure 1. Geometry of PC with a defect.

processes in PC. Three PC geometries were used in the
numerical simulation. In the first geometry, the optical
thickness of the layers was equal to A/4 for A = 1.5y m. In
the second and third geometries, the optical thicknesses of
the layers were equal to 31/4 and 101/4, respectively. The
thickness of the defect is chosen so that the photonic band
gap is located near the wavelength 1.5 um.

To measure displacements, one half of the PC is fixed
inactive, and the second is mounted on a displacing object.
The thickness of the defect changes at the displacement
of the object. Since a change in the thickness of a
defect leads to a spectral shift in the PC defect guidance
band, the spectral shift in the defect guidance band can
be used to measure displacement. For these purposes
a spectrophotometer can be used. However, to increase
the sensitivity and to reduce the dimensions of the sensor
measuring part, it is preferable to use a narrow-band
tunable semiconductor DFB (Distributed Feedback) laser as
a radiation source. In this case a photodiode can be used as
a photodetector. The second method is based on measuring
the transmittance of a photonic crystal at a fixed wavelength
corresponding to the wavelength of the probing laser.

It is obvious that a photonic crystal with the geometry
shown in Fig. 1 can be considered as a multilayer inter-
ferometer. Therefore, the transfer matrix method [18] was
used to simulate its optical properties. In this method the
field amplitudes at the input (E;_;) and output (E;j) of the
layers boundaries are generally described by the following

matrices:
Et _ EF
(=07 =M [ J‘] (1)
gt |
lE{j—l)— Bj-
exp(i0;) fii _in.
M; = 91 5 OP(10)) (2)
P b= explin) exp(=i0j)
g1 SXPUY gj-1

Here the index ,,—“ corresponds to the reflected wave, t
and r correspond to the transverse and radial components
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Figure 2. a — spectrum of part of the photonic band gap of a
PC with a defect. The optical thickness of the PC layers is 1/4.
d=0.5 (1), 0.7 (2), 0.8um (3). b — the dependence of the
spectral position of the maximum of the defect guidance band on
the thickness of the defect.

of the wave, f and g — Fresnel coefficients:

M= T M. )

where m — the number of layers.

The simulation used the dispersion of the optical con-
stants of Si and SiO , from [19]. Absorption in FC was
not taken into account. The simulation was carried out for
normal radiation incidence in the Mathcad 15 environment.

2. Results and discussion

Figure 2,a shows the photonic band gap of a PC with
a defect for various defect thicknesses for a PC with an
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Figure 3. a — the spectral position of the defect guidance band
at different defect thicknesses and the measurement technique at a
fixed wavelength. d = 0.78 (1), 0.8 um (2). b — the dependence
of PC transmittance on defect thickness when measured at a fixed
wavelength 4 = 1.574 um (marked with a dashed line in Fig. 3,a).
The optical thickness of the PC layers is 1/4.

optical layer thickness equal to A/4. The band gap is
approximately equal to 1 um. The width at half maximum of
the defect guidance band is 8 nm. Increasing the thickness
of the defect leads to a long-wavelength shift of the defect
guidance band and a decrease in the band gap. It can be
seen from the figure that a decrease in the band gap affects
mainly the spectral shift of the short-wavelength part of the
band gap. This effect also affects the spectral shift of the
defect guidance band. Figure 2,5 shows the dependence of
the spectral position of the maximum of the defect guidance
band on the thickness of the defect. It can be seen from
the figure that the dependence is linear, and the spectral
sensitivity of measurements with an optical thickness of PC
layers equal to 1/4 is A1/Ad = 1200 nm/um.

Fig. 3, a shows the spectral position of the defect guidance
band at different defect thicknesses and the measurement
technique at a fixed wavelength. It can be seen from the
figure that as the thickness of the defect increases, a long-
wavelength shift of the defect band occurs. Meanwhile,
at the wavelength corresponding to the maximum defect
guidance band at its original thickness, the transmission
decreases. Figure 3, b shows the dependence of the photonic
crystal transmission on the defect thickness when measured
at a fixed wavelength. As can be seen from the figure,
with a small change in the thickness of the defect, the
dependence is close to linear. As the thickness increases,
the dependence becomes flatter. The average amplitude
sensitivity of measurements by this method with an optical
thickness of PC layers equal to 1/4 is 0.61 dB/nm.
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Figure 4. a — spectral position of the defect transmission
guidance band at Id = 0.78 (/), 0.8 um (2). b — dependence
of PC transmission on defect thickness when measured at a fixed
wavelength 1 = 1.562 um. The optical thickness of the PC layers
is 31/4.
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Figure 5. Dependences of the spectral position of the defect
guidance band maximum (@) and PC ttransmittance at a fixed
wavelength 4 = 1.766 um (b) on the defect thickness. The optical
thickness of the PC layers is 101/4.

As the optical thickness of the PC layers increases from
A/4 to 31/4 , the spectral width of the PC photonic
band gap decreases and the spectral defect guidance band
decreases. The first factor leads to a decrease in the
dynamic range of measurements. The second factor —
to increase the amplitude sensitivity of measurements at a
fixed wavelength. Figure 4 shows the spectral position of the
defect guidance band for different defect thicknesses and the
dependence of the PC transmittance on the defect thickness
when measured at a fixed wavelength for the optical
thickness of the PC layers equal to 31/4. The spectral
sensitivity of measurements with an optical thickness of
PC layers equal to 31/4 is 780nm/um. The average
amplitude sensitivity of measurements, in this case, is equal
to 0.76 dB/nm.
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As the optical thickness of the PC layers increases further
up to 104 /4, the spectral width of the PC photonic band gap
decreases and the spectral defect guidance band decreases.
As in the previous case, the first factor leads to a decrease in
the dynamic range of measurements. The second factor —
to increase the amplitude sensitivity of measurements at a
fixed wavelength. In addition, the PC has several band gaps.
This simplifies the selection of the operating wavelength. In
addition, this allows to carry out measurements at several
wavelengths simultaneously. Figure 5 shows the spectral
position of the defect guidance band for different defect
thicknesses and the dependence of the PC transmittance on
the defect thickness when measured at a fixed wavelength
for the optical thickness of the PC layers equal to 101/4.
The spectral sensitivity of measurements is 327 nm/um. The
average amplitude sensitivity of measurements, in this case,
is equal to 0.85 dB/nm.

Thus, an increase in the optical thickness of PC layers
leads to a decrease in the spectral sensitivity of measure-
ments, but is accompanied by an increase in the sensitivity
of amplitude measurements.

Conclusion

Numerical modeling of the optical properties of a 1D
photonic crystal with a defect, consisting of layers of silicon
and silicon oxide and a defect in the form of an air gap,
showed that such a photonic crystal can be used as a small
displacement sensor. The effect is based on the spectral
shift of the defect’s transmission band as the thickness of the
defect changes. The maximum sensitivity when measuring
the spectral shift is 1200 nm/um for a photonic crystal with
an optical layer thickness of 1/4. The maximum sensitivity
when measuring at a fixed wavelength is 0.85dB/nm for a
photonic crystal with optical layer thickness 104/4. The
sensor can operate in both transmittance and reflection
modes. The sensing element can be located at a distance
from the measuring part of the sensor.
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