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Abstract. Silicon photonic crystal sensors have become very attractive for various optical sensing applications.

Using silicon as a material platform provides the ability to fabricate sensors with other photonic devices on a

single chip. In this paper, a new optical sensor based on optical resonance in a one-dimensional silicon photonic

crystal with an air defect is theoretically studied for refractive index sensing in the infrared wavelength region.

The air defect introduces a cavity into the photonic crystal, making it suitable for probing the properties of a gas

found within the cavity. This photonic crystal nanocavity is designed to oscillate at a single mode with a high

quality factor, allowing for refractive index sensing of gases with a high sensitivity. A method is presented to

maximize the sensitivity of the sensor and to obtain a very narrow bandwidth cavity mode for good sensor reso-

lution. We change the thickness of the air layers linearly in the photonic crystals on both sides of the nanocavity

and show that a sensitivity of 1200 nm RIU−1 can be achieved. We present a detailed analysis of the sensor and

variations of the layer thicknesses, the cavity length, and the number of periodic layers in the photonic crystal are

investigated. This optical sensor has a much simpler design and higher sensitivity compared to other photonic

crystal sensors reported previously.

1 Introduction

Optical sensors are used for a variety of applications in sci-

ence, technology, and the environment. Most of these optical

sensors measure the variations of optical properties as a re-

sult of a change in the refractive index of a gas or a liquid.

Various structures have been investigated as optical sensors

such as fiber Bragg gratings (Fang et al., 2010), step-index

fibers and photonic crystal fibers (Lee et al., 2011; Udd and

Spillman, 2011), fiber-assisted surface plasmon resonances

(Ma et al., 2009), and photonic crystals (Liu and Salemink,

2012; Jágerská et al., 2010; Kang et al., 2010; Bougriou et

al., 2013). Recently, optical resonance in photonic crystals

has received increased attention for refractive index sensing

applications.

Photonic crystals are periodic structures that exhibit a band

gap for a range of wavelengths. Photonic crystals with one-

and two-dimensional (1-D, 2-D) band gaps have been studied

for a variety of refractive index sensing applications. Below,

we give some of the most recent and important examples. A

new design based on a 2-D photonic crystal slab with a tri-

angular lattice pattern has been used for optofluidic sensing

with a sensitivity of 636 nm RIU−1 (Bougriou et al., 2013). A

2-D photonic crystal L7 cavity has been studied for refractive

sensing of water and ethanol solutions (Liu and Salemink,

2012). In this design, a sensitivity of 460 nm RIU−1 has been

achieved compared to a sensitivity of about 100 nm RIU−1

for L3 cavities. When gases are used as a sensing material,

optical sensors must be designed in such a way that the opti-

cal field is strong in the free space region. One way is to use

an air-slot cavity inside the line defect region of a 2-D pho-

tonic crystal. In one method, a cavity is created by reducing

the width of the air slot and keeping the photonic crystal lat-

tice unchanged (Jágerská et al., 2010). Using this method, a

sensitivity of 510 nm RIU−1 has been achieved for refractive

index sensing of gases in the infrared (IR).

Although these 2-D photonic crystal optical sensors can

be used for refractive sensing of liquids and gases, they all

have limitations. The fabrication of these sensors is difficult

and complicated and the sensitivities that can be achieved by

these optical sensors are not high. Because of easy fabrica-
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tion, 1-D photonic crystals have attracted a lot of attention for

fabrication of different components in silicon-based photonic

integrated circuits. Techniques for fabrication of 1-D dielec-

tric photonic crystal at IR wavelengths are mature and well

developed. It is now possible to fabricate 1-D photonic crys-

tals with layer thicknesses reaching the nanometer scale. 1-

D dielectric multilayer structures, or photonic crystals, have

been used in many photonic devices as filters (Vangala et al.,

2014), microcavities (Chen et al., 2014b) and optical sensors

(Sreekantha et al., 2013; Chen et al., 2014a; Frascella et al.,

2013; Nunes et al., 2010).

Several 1-D photonic crystal optical sensors have been

suggested for refractive index sensing. A biosensor config-

uration based on the excitation of surface electromagnetic

waves in a 1-D photonic crystal has been proposed (Sreekan-

tha et al., 2013). They show that the sensitivity of the pro-

posed configuration is much higher compared to the sensi-

tivity of conventional surface plasmon resonance biosensors.

A refractive index sensor consisting of a 1-D photonic crys-

tal embedded in a microfluidic channel has been investigated,

yielding a sensitivity of 836 nm RIU−1 for several ethanol so-

lutions (Nunes et al., 2010). A 1-D photonic crystal has been

used as an optical transducer for biosensing upon the cou-

pling of Bloch surface waves (Frascella et al., 2013). In this

design, the photonic structure exhibits an emissive behavior

and the fluorescence shift is used as a means for detecting re-

fractive index variations occurring at the 1-D photonic crys-

tal surface. Recently, a terahertz gas sensor using a 1-D pho-

tonic crystal cavity has been reported (Chen et al., 2014a). In

the terahertz wavelength regime, photonic crystals are fab-

ricated with length scales of millimeters and are not suitable

for silicon-based photonic integrated circuits designed for the

IR wavelengths.

Optical resonance sensors based on photonic crystals have

several advantages. Photonic crystal cavities typically have

high quality factors and very small dimensions, which makes

them a promising building block for integrated lab-on-a-chip

systems. In a typical photonic crystal cavity, the optical field

is mostly located in the high index material, making it diffi-

cult to probe the properties of the analyte found within the

hollow part of the cavity. To overcome this drawback, we use

an air nanocavity in the defect region of a 1-D photonic crys-

tal.

In this paper, a 1-D photonic crystal nanocavity is inves-

tigated for refractive index sensing of gases at an IR wave-

length of 1.55 µm. In the photonic crystal, Si and air layers

are used in order to achieve high contrast between the refrac-

tive index of the high index and low index adjacent layers and

to have a strong optical field in the free space region of the

air nanocavity. We show that a high sensitivity of more than

1200 nm RIU−1 can be obtained for refractive index sensing

of gases in the IR. This sensitivity is twice the sensitivity ob-

tained by a 2-D photonic crystal cavity sensor (Jágerská et

al., 2010).

Figure 1. 1-D photonic crystal nanocavity.

2 Simulation method

One of the methods used for analysis of photonic crystal

structures is the transfer matrix method. We use it to in-

vestigate the transmission of light in a 1-D photonic crys-

tal nanocavity as shown in Fig. 1. The electric and magnetic

fields inside the layers are shown by Em and Hm. We can

then specify the electric and magnetic fields in air, E0 and

H0, by solving the following matrix equation:[
E0

H0

]
=M1,M2, · · ·,MN

[
Em

Hm

]
, (1)

where N is the total number of layers including the cavity

layer and Mj is the characteristic matrix of layer j specified

by

Mj =

 cosδj

(
−i

ηj

)
sinδj

−iηj sinδj cosδj

 (2)

and

δj =
2π

λ
njdj cosθj , (3)

where λ is the wavelength, nj is the layer refractive index, dj
is the layer thickness, and θj is the light’s refraction angle in

the layer j . The parameter ηj for layer j is defined by

ηj =

√
ε0

µ0

nj cosθj (TE mode) (4)

and

ηj =

√
ε0

µ0

nj

cosθj
(TM mode), (5)

where ε0 and µ0 are the permittivity and the permeability

of free space, respectively. The transfer matrix of the whole

photonic crystal nanocavity is given by

M=M1,M2, · · ·,MN =

[
m11 m12

m21 m22

]
. (6)

We can now write the reflection and transmission coefficients

of the one-dimensional photonic crystal nanocavity as

r =
η0(m11+m12ηm)− (m21+m22ηm)

η0(m11+m12ηm)+ (m21+m22ηm)
(7)
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and

t =
2η0

η0(m11+m12ηm)+ (m21+m22ηm)
, (8)

where η0 and ηm are the parameters for the air and output

layers, respectively (as defined by Eqs. 4 or 5). Therefore, the

reflectivity R and the transmission T of the whole photonic

crystal nanocavity is given by

R = |r|2 (9)

and

T =
ηm

η0

|t |2. (10)

3 Sensor design

The 1-D photonic crystal nanocavity, shown in Fig. 1, con-

sists of an air nanocavity (layer C) that is introduced as a de-

fect in a 1-D photonic crystal consisting of silicon (A) and air

(B) layers. Silicon and air layers are used in order to achieve

high contrast of the refractive index between the high index

and the low index adjacent layers. To study this structure for

gas sensing applications, one would place the structure in a

gas cell that has an inlet for injection of gas into the cell and

an outlet for gas evacuation. Then, an optical signal from a

laser diode (for example, in the wavelength range of 1.4–

1.7 µm) is coupled through a lensed fiber into the photonic

crystal cavity. Therefore, the coupling loss is minimized and

the transmitted signal would be detectable. The light emitted

from the cavity is collected by a microscope objective, which

is then detected with a photodiode.

First, the gap map method is used to calculate the pho-

tonic crystal band gap. The band gaps as a function of the

thickness ratio of air and silicon layers, dAir/dSi, are shown

in Fig. 2. We see that there are different choices of band gaps

and thickness ratios for a desired operational wavelength.

Four band gap regions labeled by letters a, b, c and d are

shown in Fig. 2, which are used in the following analysis.

The 1-D photonic crystal air nanocavity is simulated using

the transfer matrix method. The method was explained in the

last section in detail, is used to calculate the reflection and

transmission properties of the cavity, and gives the ampli-

tude of waves reflected by and transmitted through the cavity.

When we choose the thickness of the Si layer dSi = 0.52 µm,

the thickness of the air layer dAir = 0.42 µm, and the cavity

length dcavity = 0.85 µm, only one cavity mode is excited at

a wavelength of 1.55 µm. The refractive index of the cavity

is ncavity = nAir = 1.000265. The transmission of the cavity

is shown in Fig. 3, for different cavity lengths. By chang-

ing the cavity length, the wavelength of the cavity mode can

be adjusted in the band gap a (shown in Fig. 2) from 1.3 to

1.7 µm.

The cavity wavelength and quality factor have been plotted

in Fig. 4, as a function of the cavity length. The wavelength

Figure 2. Band gap map of 1-D photonic crystal with silicon and

air layers.

Figure 3. Transmission of the 1-D photonic crystal air nanocavity

for dSi = 0.52 µm and dAir = 0.42 µm. Different modes oscillate for

cavity lengths of 0.75–0.95 µm (from left to right).

of the defect mode shifts to higher wavelengths almost lin-

early, when the cavity length is increased. The quality factor

decreases as the wavelength shifts to the edges of the band

gap, which results in a broadened bandwidth, and peaks at

a wavelength near the middle of the band gap. For sensing

applications, it is desirable to have a mode with a narrow

bandwidth and, thus, we must choose the parameters so that

the quality factor peaks at the operation wavelength. One can

see that the cavity has a high quality factor on the order of

106, which results in an optical sensor with high sensitivity.

To study the photonic crystal air nanocavity for refractive

index sensing of gases, we consider gases of different refrac-

tive indices, such as air (n= 1.000265), N2 (n= 1.000270),

He (n= 1.000032), and CO2 (n= 1.000407). The cavity

supports a single defect mode, which is shifted in the band

gap when the refractive index of the gas is changed. The
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Figure 4. The cavity wavelength and quality factor as a function of

cavity length for dSi = 0.52 µm and dAir = 0.42 µm.

transmission and spectral position of the cavity mode for dif-

ferent gases are shown in Fig. 5. Air has been used as the

reference medium. When a different gas is considered, both

blue shift (for He) and red shift (for CO2) of the wavelength

of the cavity mode occur. In Fig. 5, the transmission of the

cavity mode has been shown for four periodic layers on each

side of the cavity. The full width at half maximum (FWHM)

bandwidth of the cavity mode is 4.3 pm. Therefore, by us-

ing a small number of periodic layers in the structure, it is

possible to obtain very narrow bandwidths. The ratio of the

FWHM bandwidth to the wavelength shift (for CO2) is cal-

culated to be 0.05, indicating that the sensor has a very good

resolution.

The sensitivity of the sensor is defined by S =1λ/1n,

where 1λ is the wavelength shift of the cavity mode and 1n

is the refractive index change of the gas with respect to the

air refractive index. Figure 6 shows the calculated sensitivi-

ties for four air-slot nanocavities with different dSi and dAir as

a function of the cavity length. The cavities operate in differ-

ent band gap regions corresponding to the band gaps labeled

by letters a, b, c, and d as shown in Fig. 2. The central wave-

length of the cavity mode changes in the IR range, as the cav-

ity length is changed. By choosing the parameters, one can

design the cavity for a desired operational wavelength. The

sensitivity curves exhibit a peak at a specific cavity length,

which depends on the values of dSi and dAir. It is clearly seen

that, as the length of the silicon layer dSi gets smaller, the

sensitivity becomes larger.

To study the effect of the air layer on the sensitivity of

the optical sensor, we selected dSi = 0.32 µm, and calculated

the sensitivity as a function of the air layer length dAir. The

length of the cavity was changed, from 0.725 to 0.825 µm, in

order to keep the central wavelength of the cavity mode at

1.55 µm as the length of the air layer was changed. As shown

in Fig. 7, the sensitivity is almost linearly related to dAir and

increases as the length of the air layer is increased.

Figure 5. Transmission and spectral position of the cavity mode

for different gases with air as the reference medium. The mode has

a very narrow bandwidth of 4.3 pm.

Figure 6. Sensitivity for different values of dSi and dAir as a func-

tion of the cavity length. The cavities operate in different band gap

regions shown in Fig. 2: a (dSi = 0.52 µm and dAir = 0.42 µm), b

(dSi = 0.36 µm and dAir = 0.26 µm), c (dSi = 0.32 µm and dAir =

0.6 µm), and d (dSi = 0.14 µm and dAir = 0.22 µm).

The shift in the cavity mode wavelength 1λ in response

to a change in the gas refractive index with respect to the

air refractive index 1n is shown in Fig. 8. The results are

for four cavities with different dSi and dAir as used in Fig. 6,

corresponding to band gaps a, b, c, and d. The cavity length

has been chosen so that all cavities operate at a central wave-

length of 1.55 µm. It is seen that the wavelength shift is re-

lated linearly to the refractive index change and is higher for

smaller values of the silicon layer thickness, reaching a value

of 1106 nm RIU−1 for dSi = 0.14 µm, dAir = 0.22 µm, and

dcavity = 0.75 µm. The sensitivity of the 1-D photonic crys-

tal nanocavity sensor analyzed here is higher than (almost

twice) the sensitivity of 2-D photonic crystal cavity sensors
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Figure 7. Sensitivity as a function of the air layer length for

dSi = 0.32 µm. The cavity length is changed from 0.725 to 0.825 µm

in order to keep the cavity wavelength at 1.55 µm. The sensitivity

changes almost linearly with dAir.

Figure 8. The wavelength shift as a function of the refractive in-

dex. The results are for cavities corresponding to band gaps a (cir-

cle), b (diamond), c (triangle), and d (square). The cavity length has

been adjusted so that all cavities operate at a central wavelength of

1.55 µm, dcavity = 0.85 µm for a and dcavity = 0.75 µm for b, c, and

d .

reported previously. In addition, it has a simpler design and

can be easily fabricated as part of silicon-based photonic in-

tegrated circuits designed for operation in the near-IR wave-

length range.

Optimization of the sensor

In this section, we present a method for optimizing the sen-

sor sensitivity. In sensing applications, a sensor is required

to have high sensitivity and good resolution. We showed

above that the sensitivity is increased as the air layer is made

thicker. However, in optical resonance sensors, the FWHM

Figure 9. Transmission and spectral position of the cavity mode for

different gases, with dSi = 0.14 µm, dAir = 0.55 µm, and dcavity =

0.645 µm. The mode has a very broad bandwidth, yielding a sensor

with poor resolution.

Figure 10. 1-D photonic crystal nanocavity with the thickness of

the air layers changing linearly. The thickness of the air layer is

increased linearly from 0.22 to 0.55 µm on the left side of the cavity

and is decreased linearly from 0.55 to 0.22 µm on the right side of

the cavity. The cavity length is dcavity = 0.66 µm for a cavity mode

with a central wavelength of 1.55 µm.

bandwidth of the cavity mode is very important and affects

the sensor resolution. If the bandwidth is broad, detecting

a small change in the gas refractive index becomes diffi-

cult. In order to investigate this problem, we consider the

sensor with dSi = 0.14 µm and dAir = 0.22 µm. First, to ob-

tain a higher sensitivity, we increase the thickness of the

air layer to dAir = 0.55 µm. The cavity length is changed to

dcavity = 0.645 µm in order to have a cavity mode with a cen-

tral wavelength of 1.55 µm. The number of periodic layers

in the photonic crystals has not been changed and is four.

The transmission and spectral position of the cavity mode

are shown in Fig. 9 for the same gases as before. There is a

higher shift of 1200 nm RIU−1 in the position of the mode

peak as compared to the sensor with dAir = 0.22 µm. How-

ever, as can be seen from Fig. 9, the cavity mode has a very

broad bandwidth, which makes the detection of the gas diffi-

cult.

Now, we propose a method by which the thickness of the

air layers in the 1-D photonic crystals are changed linearly.
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Figure 11. Transmission and spectral position of the cavity mode

for the 1-D photonic crystal nanocavity with linearly changing air

layer thickness as shown in Fig. 10. The mode has a very narrow

bandwidth, yielding a sensor with good resolution.

We change the air layer thickness in each photonic crystal

linearly by a constant value. A 1-D photonic crystal nanocav-

ity with linearly changing air layer thicknesses is shown in

Fig. 10. The thickness of the air layer in the photonic crystal

on the left side of the cavity is increased as

(dAir)j = (dAir)1+ (j − 1)(δB) , j = 1,2, . . .,n, (11)

where (dAir)1 = 0.22 µm is the thickness of the first air layer,

δB = 0.11 µm is the amount that is added to the air layer

thickness in each step, and n= 4 is the number of periodic

layers in the photonic crystal. In this example, the amount of

change in the air layer thickness is chosen so that the thick-

ness of the last air layer becomes 0.55 µm.

The thickness of the air layer in the photonic crystal on the

right side of the cavity is decreased as

(dAir)j = (dAir)1+ (n− j ) (δB) , j = 1,2, . . .,n, (12)

where the values of different parameters are as before. There-

fore, the thickness of the air layer is increased linearly from

0.22 to 0.55 µm in the photonic crystal on the left side of

the cavity and is decreased linearly from 0.55 to 0.22 µm in

the photonic crystal on the right side of the cavity. The cav-

ity length is dcavity = 0.66 µm in order to have a cavity mode

with a central wavelength of 1.55 µm. The transmission and

spectral position of the cavity mode for this new design are

shown in Fig. 11. As can be seen, in this case, the cavity

mode has a very narrow bandwidth compared to the mode

shown in Fig. 9 for the case where the air layer has a con-

stant value of 0.55 µm. The sensitivity of this sensor is shown

in Fig. 12 and is 1200 nm RIU−1. Therefore, by using this

method, we are able to optimize the sensor such that it has

a higher sensitivity and a very narrow cavity mode for good

sensor resolution.

Figure 12. Sensitivity of the optimized sensor that has the structure

shown in Fig. 10.

4 Conclusions

A 1-D photonic crystal nanocavity was investigated for

refractive index sensing of gases at a wavelength of 1.55 µm.

An air defect is used to create a cavity in the photonic

crystal. The sensor monitors the resonance shift of the

cavity as a function of the refractive index of the gas found

within the cavity. It was seen that a smaller thickness of the

high index material (Si) results in higher sensitivity. Larger

thickness of the low index material (air) also increases the

sensitivity of the sensor. A method was presented in order

to optimize the sensitivity and resolution of the sensor. By

linearly changing the thicknesses of the air layers in the

photonic crystals on either side of the nanocavity, we are

able to obtain a high sensitivity of 1200 nm RIU−1 and

a very narrow bandwidth cavity mode for good sensor

resolution. The sensor presented here has a simple structure

and can be integrated into silicon-based photonic circuits.
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