Micro Ring Resonator based CO2 Gas Sensor using
PbSe Quantum Dots
Anvar Shahamat Hajikhanloo
Islamic Azad University Mashhad Branch
Mohammad Javadian Sarraf
Islamic Azad University Mashhad Branch
Ali Rostami (  rostami@tabrizu.ac.ir )
University of Tabriz https://orcid.org/0000-0002-8727-4711
Mahboubeh Dolatyari
University of Tabriz

Research Article
Keywords: Micro-ring resonator (MRR), carbon dioxide (CO2) Sensor, PbSe, Quantum dot
Posted Date: July 6th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-638041/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Micro Ring Resonator based CO2 Gas Sensor using PbSe
Quantum Dots
Anvar Shahamat Haji Khanloo1, Mohammad Javadian Sarraf1, Ali Rostami2, *, Mahboubeh Dolatyari3
1

Department of Electrical Engineering, Mashhad Branch, Islamic Azad University, Mashhad, Iran

2

Photonics and Nanocrystal Research Laboratory, Faculty of Electrical and Computer Engineering, University of
Tabriz, Tabriz 51664-16471, Iran
3
SP-EPT Laboratories, ASEPE Company, Industrial Park of Advanced Technologies, Tabriz 53641-96795, Iran
rostami@tabrizu.ac.ir

Abstract- In this paper, we introduce a micro-ring resonator-based highly sensitive carbon dioxide sensor. For
this purpose, a valley is created in the core of the ring and PbSe quantum dots (QDs) are deposited in the valley
and the sensor is exposed to CO2 gas. In this way, the refractive index of the PbSe QDs increases with an increase
in the concentration of gas flow, and then the resonance frequency of the ring resonator shifts. The designed
sensor operates almost linearly over a wide range of concentrations for CO2 gas and shows a high resonance
shift at different concentrations of CO2 gas. The detection limit for the designed sensor is 0.001% of CO2 gas
which is more sensitive than previously reported sensors based on microring resonators. The frequency shifts
are investigated by changing the width of the valley. The minimum width of the valley was determined for the
evanescent field in which only the outer core of the ring affects the resonant frequency. Also, the modal analysis
of the designed ring resonator waveguide is investigated to determine the minimum core width.
Index Terms- Micro-ring resonator (MRR), carbon dioxide (CO2) Sensor, PbSe, Quantum dot
I. Introduction-

Various physical and chemical sensors have been introduced for detecting toxic, flammable, or explosive gases.
Numerous gas sensors have been reported such as fluorescent, chemosensors [1-4], nondispersive infrared
(NDIR) sensors [5], electrochemical sensors [6], thin films having porous silicon and mesoporous silica [7, 8],
Raman spectroscopy [9], two-dimensional (2D) materials like Graphene [10] and acoustic gas sensors [1,11]. FET
and MOSFET-based sensors have been reported by researchers for a long time. Kim and et al have reported a
gas sensor based on MOSFET. They have used SnOx as a sensitive material to NO2 gas which detection limit for
the sensor is 50 ppm (0.005 %) [12]. In another MOSFET-based sensor has been reported by Hong [13] in which
ZnO has been used as sensitive material to NO2 and H2S gases with a detection limit of 0.002 %. This sensor is
sensitive to CO2, CH4, SO2, NH3, and C3H8. However, sensitivity to these gases is low and the detection limit is 5%.
Jeong and et al [14] investigate the gas sensing characteristics of the MOSFET-type sensor and WS2 as the sensing
layer. The presence of NO2 gas increases the drain current of the sensor. However, the drain current decreases
in the presence of H2S, and for other gases (NH3 and CO2), the gas sensor has a small change of the drain current.
Detection of ambient carbon dioxide has been investigated using Ti/Au layers deposited on the CaF2 prism [15]
with a quantum cascade (QCL) laser light excitation source. Also, the layer of ZnO/Au deposited on a flat surface
of the prism [16] as a carbon dioxide sensor has also been investigated. Since precious metals such as gold and
platinum are often used as sensitive materials in Plasmonic sensors, the cost of manufacturing these types of
sensors is high.
Recently, the Hollow-core photonic crystal fibers (HC-PCFs) based Mach-Zehnder interferometer MZI method
has been investigated for the detection and measurement of CO2 [17]. There are three types of piezoelectric gas
sensors: surface sound wave (SAW), quartz crystal microbalance (QCM) [18], and microelectromechanical
systems (MEMS) [19, 20]. Various piezoelectric CO2 gas sensors have been introduced [21, 22]. Piezoelectric
sensors, including SAW and QCM, suffer from poor signal-to-noise performance [18] and environmental
parameters such as temperature and humidity strongly interfere with their response. Photonic crystals also have
been reported for sensing CO2 gas. Photonic crystals (PhCs) have a periodic dielectric structure and the ability to
guide and manipulating light in the range of optical wavelength. They have been studied extensively both in
theory and experiment [23, 24]. The periodic arrangements of dielectric materials in PhCs produce a photonic
bandgap (PBG) [25], and the propagation of light within the frequency range of PBG will be forbidden [26-29].
The main disadvantage of PhCs based sensors is the very precise control of the technological process during
design and fabrication [25] but they are quite expensive [29] to fabricate. Several devices based on ring

resonators [30-33] have been reported. Ring resonators are promising candidates and have been widely used as
sensors [34, 35]. They have good quality factors and enhancement of quality factors is possible for them [34].
For example, tandem-column micro-gas chromatography based on optofluidic ring resonators has been
reported by Sun and coworkers [36]. An integrated Photonic gas sensor in coupled micro-ring resonators (MRRs)
with a waveguide has been introduced by Zhou and others [37].
Ring resonators are photonic devices for selecting the resonance wavelength or resonance frequency and are
excellent candidates for detecting gases, including CO2 [38-40]. In most reported work, the principles of
detection in MRR are based on the interaction of the evanescent field with ambient materials, including gas
molecules, which change the refractive index of the effective propagation mode in the ring waveguide, which
changes the wavelength or resonant frequency. Due to the rotation of light in MRR, the effective length of
interaction with the gas-sensitive materials is longer and researchers usually deposit gas-sensitive materials on
the ring resonator.
In this paper, we introduce a ring resonator-based optical carbon dioxide gas sensor using quantum dots; in
which, PbSe quantum-dots (QDs) are used as sensitive material to CO2 gas. For this purpose, PbSe QDs are
deposited in the created valley in the core of the ring. As quantum dots have a high surface-to-volume ratio, so
they can interact with more atoms of the target gas. The simplicity of the fabrication method and high sensitivity
of the sensor are the advantages of these types of sensors. This sensor can easily detect gas in the concentration
range of 0.001%-10%. According to our best knowledge, the best detection limit has been reported by Guangcan
Mi et al which is 0.002% [38]; the detection limit for our designed sensor is less than 0.001%.

II.THEORY AND MODELING

A basic micro ring resonator usually consists of one or two straight waveguides coupled to a
circular ring. Fig. 1 shows a schematic of a micro-ring resonator consists of two straight
waveguides and a single ring

Fig. 1. Schematic of a single ring MRR with two straight waveguides.

Light is injected into the input port of MRR and the outputs of the system are taken from the throughput port
of the upper waveguide and the drop port of the lower waveguide. We assumed E i1, Ei2, Et1, and Et2 as the
electrical fields in input, add, throughput, and drop ports respectively. E r1 and Er2 are the half round trip field in
the ring, on the right and left sides of the MRR respectively, which are propagated clockwise. According to Figure
1, MRR relationships can be described by a matrix relationship [41]:
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where α is the round trip loss coefficient [42] of the ring and θ is the round trip phase [43], t1 and t2 are the selfcoupling coefficients, also 𝜅1 and 𝜅2 are the cross-coupling coefficients [36]. In Eq. (1), 𝛼1/2 and θ1/2 are the half
1

round trip loss and phase respectively, that 𝛼1/2 = √𝛼 and θ1/2 = θ. The 𝑡1∗ , 𝑡2∗ , 𝜅1∗ and 𝜅2∗ denote the
2

conjugated complex value of t1, t2, 𝜅1 and 𝜅2 respectively. By assuming no loss in the connections [42], the
relation (2) will be obtained:
𝑡2 + 𝜅2 = 1
(2)
Assuming Ei1 = 1 and Ei2 = 0 and using the matrix (1), the following relations will be obtained:
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Resonance wavelength of the ring resonator [44] (𝜆0¸𝑟𝑒𝑠 ) is given as follows:
𝐿
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where 𝐿, 𝑛𝑒𝑓𝑓 and R are the length of the ring, the effective refractive index, and the radius of the ring
respectively. The resonance wavelength shift (∆𝜆0¸𝑟𝑒𝑠 ) is obtained using Eq. (7):
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where 𝜆0¸𝑟𝑒𝑠1 , 𝑛𝑒𝑓𝑓1 and ∆𝑛𝑒𝑓𝑓 are the resonance wavelength after interaction with gas, the effective refractive
index of the ring after interaction with gas, and change the effective refractive index respectively. By dividing
Eq. (8) to Eq. (7), the relative resonance wavelength shift is obtained as follows:
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The resonant frequency is obtained from the relation of angular frequency [41] ω = kc and the relation between
wavelength λ and wavenumber k = 2π / λ and relation (7):
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where 𝑓0¸𝑟𝑒𝑠 and 𝑐 is the resonance frequency of the ring and speed of light in a vacuum respectively. The
resonance frequency shift (∆𝑓0¸𝑟𝑒𝑠 ) is obtained using Equation (10):
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Where f0¸res1 is the resonance frequency of the ring after interaction with gas. By dividing Eq. (11) to Eq. (10), the
relative resonance frequency shift is obtained:
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At low gas concentrations, the difference between 𝑛𝑒𝑓𝑓 and 𝑛𝑒𝑓𝑓1 is negligible, which will give:
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In this work, we designed a micro-ring resonator (MRR) based CO2 gas sensor that used the PbSe quantum dots
deposited in the created valley in the middle core of the ring as a carbon dioxide-sensitive material. 2D
simulations have been performed in the wave optics module of COMSOL Multiphysics software. The 2D
configuration of the micro ring resonator-based CO2 gas sensor is shown in Fig. 2a and its 3D configuration is
shown in Fig. 2b. This study is set up using the electromagnetic Waves, Beam Envelopes interface, and a field
continuity boundary condition is used at the boundary between the straight waveguide and the ring waveguide.
Also, the scattering boundary conditions are used at the boundary between MRR and the environment .
The configuration dimensions were obtained using simulation results at a resonant frequency of 193.41 [THz]
(1.55μm) without the presence of CO 2 gas. The width, height, and length of the straight waveguide clad were

selected as 3μm, 1.5μm, and 18.8488 μm respectively. The width and height of the straight waveguide were
selected to be 0.35μm. The radius of the ring (from the center of the ring to the middle of the valley) is 6.9244μm,
the height and width of the ring cores were selected 0.35μm and the width of the valley was selected 2μm. We
chose the width and height of the ring clad 5μm and 1.5μm respectively. The distance from the straight
waveguide core and the outer ring core (gap) is 0.12μm.

*
Fig. 2. The ring resonator-based CO2 gas sensor configuration (a) 2D and (b) 3D

In this work, the clad material is SiO2 and the core material of the micro ring resonator is silicon. The refractive
index of Si at room temperature at 1.55μm wavelength is 3.4757 [45]. The clad refractive index of SiO2 at room
temperature for wavelength 1.55μm is 1.444 [46]. The optical properties of the quantum dot (PbSe) with the
size of 1.5nm with and without the presence of CO2 gas were calculated by the density-functional theory (DFT)
method. The calculated refractive index for bare QDs and PbSe bonded with oxygen atoms of CO2 gas is shown
in Fig. 3 and 4. As the figures show, the refractive index increases with absorbing the CO2 gas. There are dangling
bonds on the surface of the nano-crystal before absorbing CO2. Bonding of surface atoms with CO2 molecules
decreases dangling bonds and this decreases free carries in the crystal which leads to an increase in refractive
index.

Fig. 3. The refractive index of quantum dot PbSe with size 1.5μm

Using the Lorentz-Lorenz model [47, 48] for the refractive index of composite materials, the effective refractive
of PbSe quantum dots index after interaction with the CO2 will be:
(
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𝑛𝑐2 −1
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)
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where p is the percentage of CO2 gas, ne, nc and nd are the effective refractive index, the refractive index of PbSe
quantum dots, and the refractive index of PbSe-CO2 respectively.

Density Functional Theory (DFT) Calculations- The electronic band structure along with the optical properties
of PbSe, PbSe-CO2 quantum dots were calculated using the DFT algorithm with the CASTEP code [49] and
optimized using the BFGS (Broyden-Fletcher-Goldfarb-Shanno) geometry optimization method [49]. Generalized
gradient approximation (GGA) and the non-local gradient-corrected exchange-correlation functional as
parameterized by Perdew-Burke-Ernzerhof (PBE) used in the calculation which uses a plane wave basis set for
the valence electrons and norm-conserving pseudopotential (NCP) [50, 51] for the core electrons. The number
of plane waves included in the basis was determined from the cut-off energy (Ec) of 500.0 eV. The summation
over the Brillouin zone was carried out with k point sampling using a Monkhorst-Pack grid with parameters of
222. Geometry optimization under applied hydrostatic pressure can be used to determine the modulus of a
material (B) and its pressure derivative, B' = dB/dP.

Fig. 4. The refractive index of the PbSe-CO2 quantum dot

II. Simulation and Discussion- To analyze a micro-ring resonator-based CO2 gas sensor, its dimensions must be
determined before any action at the reference resonance frequency without the presence of the gas to
electromagnetic waves propagate inside the straight waveguide core and coupled to the ring core. In this work,
the reference frequency is 193.41 [THz] (1.55μm) and a modal analysis of the straight waveguide core is
performed. According to the number of propagating modes in a straight waveguide core, its dimensions were
determined. The dimensions of the ring core are equal to the dimensions of the straight waveguide core. The
cross-sectional view of the straight waveguide is shown in Figure 5 and its modal analysis in terms of the width
of the waveguide core is shown in Figure 6. The width of the core in the straight waveguide is equal to its height.
According to the curve in Fig. 6, if the width of the core is less than 0.25μm, no mode can fully propagate in the
core. For the width of the core in the range 0.27μm to 0.361μm, we will have two modes that can be fully
propagated in the core which is clearly shown in Fig. 7a to 7f for a core width of 0.34516μm. In this work, the
core width is 0.35μm.

Fig. 5. Cross-section view of the straight waveguide.

Fig. 6. The propagation constant according to the width of the core in the straight waveguide in the first 6 modes at f0=193.41[THz].

Fig. 7. Electric field norm (V/m) in core width 0.34516μm with effective mode index a) 2.2805 b) 2.2337 c) 1.4034 d) 1.3754 e) 1.3512 f)
1.328.

When the core width is greater than 0.523μm, all 6 modes are propagated completely in the core. For full
propagation of all 6 modes, we have shown the profile of the electric field norm for the core width of 0.7µm
according to Fig. 8. To determine the radius of the ring at the reference frequency (193.41 [THz]), by simulating
the proposed design concerning the parameter r0 (ring radius) (according to Fig. 9) a resonance is observed in
the radius r0 = 6.8458 μm and the radius r0 = 6.9244 μm. Also, Fig. 9 shows energy savings. The profile of the
electric field norm in the resonance radius (r0 = 6.9244µm) in valley width (VW) of 2 μm is shown in Fig. 10. To
analyze the frequency response in the designed sensor, the radius r0 = 6.9244μm for the MRR was applied.

.
Fig. 8. Electric field norm (V/m) in core width 0.7μm with effective mode index a) 3.1758 b) 3.1731 c) 2.8009 d) 2.7237 e) 2.6053 f) 2.5307.

Fig. 9. Transmittance and energy conservation to the ring radius at the frequency (f0 = 193.41[THz]).
( r0

res1

 6.8482  m , r0res  6.9244  m )
2

Fig. 10. Electric field norm for resonance radius (r0 = 6.9244µm at frequency (f0 = 193.41[THz]) in (valley width = 2 μm).

The resonant light has an evanescent field of about a few hundred nanometers that penetrate around the core
of the ring. If the evanescent field of the outer core penetrates the inner core, changes in CO 2 concentration
cause to create two resonance radius (RR) or r0res, one for the outer core and another for the inner core of the
ring. In the valley widths of 0.05μm, 0.1μm, and 0.15μm, in addition to the resonant radius in the outer core of
the ring, there is another resonant radius for the inner core of the ring. There will be two resonance radius per
CO2 concentration (see Fig. 11), which will result in two resonant frequencies. To avoid creating two resonance
radius, the width of the valley should not be less than the penetration depth of the evanescent field. As shown
in Fig.11, for valley width of 0.2μm, there is only one resonant frequency for the ring core. Fig. 12 shows the
norm electric field, which indicates the resonant radius for the outer and inner cores of the ring within the valley
width of 0.1μm.

Fig. 11. Transmittance according to the ring radius for the valley width (VW) of 0.05μm, 0.1μm, 0.15μm, and 0.2μm at frequency 193.41
[THz] (Throughput port).

a
b
Figure 12. Electric field norm at frequency 193.41 [THz] for the valley width 0.1μm with a) resonance radius in the outer core of the ring
equal to 6.9618μm and b) resonance radius in the inner core of the ring equal to 6.938μm.

To have enough space to deposit the PbSe quantum dots into the valley and also to have only one resonant
frequency for the outer core of the ring, we selected the valley width of 2μm and simulated the transmittance
and frequency response at different CO2 concentrations.
The resonance frequency at different CO2 concentrations in the drop port is shown in Fig. 13. Also, Fig. 14 shows
the resonance frequency at different CO2 concentrations in the throughput port. The CO2 concentration swiped
from 0% to 10%. The results indicate that for per 1% change at CO 2 concentration, the shift at the resonant
frequency of the sensor approximately linearly changes (see Fig. 15). Increasing per 1% CO2 concentration shows
approximately 8803 MHz shift at resonant frequency (as shown in Fig. 13 and Fig. 14) which indicates the high
sensitivity of the designed sensor. A frequency shift of about 0.5 MHz occurs at 0.001% CO 2 concentration. On
the other hand, due to the increase of the imaginary part of the effective refractive index to the increasing CO2
concentration, the amplitude of the electric field will decrease with increasing CO2 concentration.

Fig. 13. Transmittance at different CO2 concentrations for the valley width of 2 μm (Drop port)

Fig. 14. Transmittance at different CO2 concentrations for the valley width of 2 μm (Throughput port).

Fig. 15. Resonance frequencies at different CO2 concentrations (valley width = 2 μm).

We also simulated the performance of the sensor for the valley width of 0.2 μm at CO2 similar concentrations
with the valley width of 2 μm. As shown in Fig. 16, we can reach a more resonance frequency shift at similar CO2
concentrations for the valley width of 0.2 μm. With increasing the CO2 concentrations from 0 to 10 % resonance
frequency decreases. As fig 17 shows the resonance frequency linearly decreases with increasing CO2
concentration.

Fig. 16. Transmittance at different CO2 concentrations for the valley width of 0.2 μm (Throughput port).

Fig. 17. Resonance frequencies at different CO2 concentrations (valley width = 0.2 μm).

Figure 18. Comparison of resonance frequencies at different CO2 concentrations for the valley width of 2 μm (red) and 0.2 μm (blue).

The resonance frequency for the valley width of 0.2 µm at similar concentrations of CO2 gas has a higher slope
compared to the valley width of 2 µm as shown in Fig. 18.
For the valley widths of 0.2 μm and 2 μm, the resonance frequency shift at different CO2 concentrations from
0% to 10% is almost linear. For the valley widths of 0.2 μm and 2 μm, the resonance frequencies shifts at 0.05%

CO2 concentration are 0.5176 GHz (4.15 pm) and 0.425 GHz (3.41 pm) respectively, which the relative resonance
frequency shifts will be 2.676 × 10-6 and 2.197 × 10-6, as shown in Table 1. These results indicate more sensitivity
of our designed sensor rather than previously reported research works. In the work reported by Guangcan Mi
et al [35], for CO2 concentrations from 0.005% to 0.05%, the sensor wavelength shift is almost linear too. For the
reference wavelength of 1550 nm and 0.05%, CO2 gas concentration, the resonance wavelength shift is 2 pm,
which gives a relative resonance wavelength shift 1.29×10-6. Also in another work reported by Karanam Pallavi
Koushik et al [37], at CO2 concentrations from 0.005% to 0.05%, the sensor wavelength shift is almost linear and
the resonance wavelength shift at 0.05% CO2 concentration is 1.82 pm, which gives a relative resonance
wavelength shift 1.17×10-6.
Table 1. Resonance frequency shift or resonance wavelength shift and relative resonance frequency shift or relative resonance wavelength
shift (proportional to sensitivity) at 0.05% CO2 gas concentration.

Results and
calculations using
Ref. [35]
Ref. [37]
Our work in valley
with=0.2µm
Our work in valley
with=2µm

𝜆0¸𝑟𝑒𝑠 [𝑛𝑚] 𝑓0¸𝑟𝑒𝑠 [𝑇𝐻𝑧]
1550.000
1550.000
1551.065

193.548
193.548
193.415952

1551.077

193.414

∆𝜆0¸𝑟𝑒𝑠 [𝑝𝑚] ∆𝑓0¸𝑟𝑒𝑠 [𝐺𝐻𝑧]
2
1.82
4.1508

0.2497
0.2273
0.5176

3.4082

0.425

|∆𝑓0¸𝑟𝑒𝑠 | |∆𝜆0¸𝑟𝑒𝑠 |
≈
𝑓0¸𝑟𝑒𝑠
𝜆0¸𝑟𝑒𝑠
1.29×10-6
1.17×10-6
2.676×10-6
2.197×10-6

V. CONCLUSION
We have described a micro ring resonator-based carbon dioxide sensor using the PbSe quantum dots. This
sensor is very sensitive to changes in CO2 concentration and its detection limit is 0.001 %. Also, due to the 9 GHz
resonant frequency shift per 1% CO2 concentration, it can be measured and tested with conventional spectrum
analyzer systems. This sensor due to the higher resonance shift has more sensitivity than the previous MRRbased optical CO2 sensors. We also investigated the effect of valley width on the sensitivity of PbSe to sensing
CO2 gas. Also, the minimum dimensions for valley width to have a resonant frequency only in the outer core
were determined.
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