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The carbon dioxide highly sensitive ultra-thin optical sensor using plasmonic

nanoparticles distributed uniformly on the nanowall honeycomb structure with

a footprint in themillimeter range is presented in this work. The zinc oxide (ZnO)

honeycomb nanowall structure is grown by the pulsed laser deposition (PLD)

method. Moreover, the performance of the fabricated structure as a gas

nanosensor is simulated using the finite difference time domain (FDTD)

method in the visible and near-infrared regions. A graphene layer is

mounted on the top of the nanowall, and then, plasmonic nanoparticles are

distributed on the nanowall sides. Furthermore, the effect of gas concentration

on the pressure and consequently on the dielectric constant of the gas are also

illustrated in this article. Red-shift in the absorption has been noticed with

different refractive indices and intensity sensitivities. The obtained refractive

index sensitivity of the proposed nano optical sensor is 874 nm/RIU, and the

intensity sensitivity is 5,174 RIU−1 with the figure of merit of 12.5 and quality

factor (Q-factor) of 281 at a carbon dioxide (CO2) concentration of 5,500 ppm.

Finally, the absorbed power of the incident light is calculated using different

polarization angles, from 10° to 80° with a step10°.
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Introduction

Sensing the concentration of carbon dioxide (CO2) gas in the atmosphere is very

important in many applications, including petrochemical industry (Vogler and Sigrist,

2006), monitoring of combustion control (Mulrooney et al., 2007), indoor air quality

control (Kwon et al., 2009), aquaculture (Pfeiffer et al., 2011), agriculture (Chaudhary

et al., 2011), food processing (Neethirajan et al., 2009), and medical care (Folke et al.,

2003). The main source of CO2 is mostly from human activities through industries and

vehicles (O’veill et al., 2010). The daily average level of CO2 is increased to be around

421 ppm, where the maximum safe level is 5,000 ppm (Gheorghe et al., 2021). Moreover,
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many symptoms can be noticed above the aforementioned

level such as headaches, fatigue, sleepiness and being stagnant,

anxiety, poor concentration, lung ventilation problems, and

increased heart rate (Gheorghe et al., 2021). Due to these

critical health problems, many CO2 sensing technologies are

available, which are classified into two majors: nondispersive

infrared (NDIR) optical and chemical sensors (McDonagh

et al., 2008).

Chemical sensors use a polymer layer to sense CO2 based on

the pH change during the reaction (Chen et al., 2014). The main

drawbacks are poor selectivity and short- and long-term sensor

drift, which need periodic calibration to maintain long-term

stability (Liu et al., 2012).

Due to its high detection specificity, simplicity, and

reliability, optical sensors using infrared (IR) absorption are

the main and most efficient sensors used for the detection

and identification of hazardous and greenhouse gases (Dinh

et al., 2016; Chen et al., 2014). Moreover, IR sensors have a

fast response, long lifetime, minimal drift, and can be used in real

time without disturbing the target system (Gheorghe et al., 2021).

IR optical sensors operate in the near-infrared (NIR), 0.8–2.5 µm,

and infrared, 2.5–10 μm, bands (Wang et al., 2017). On the other

hand, the main challenge of such sensors is the absorption

interference caused by water vapor as the optical detection of

CO2 occurs in the presence of humidity (Mitra, 2018). Hence,

optical filters can be used to eliminate interference, but the

absorption is reduced due to the refractive index property of

the used filters (Dinh et al., 2016).

Recently, localized surface plasmon resonance (LSPR) has

drawn substantial research attention as it is believed to be one of

the most practical techniques to sense gases for its high

compatibility and sensitivity (Zhao et al., 2019; Semwal and

Gupta, 2019; Elrashidi, 2020a). Moreover, zinc oxide, ZnO, is

widely used in gas sensors due to its unique properties and its

high performance, such as high electron communication,

nontoxicity, good chemical and thermal stability, and high

isoelectric point which allows a substance with a low

isoelectric point to attach to its surface and immobilize them

to their biological activity after the binding process which is not

the case when using gold material (Baruah et al., 2019; Zhao et al.,

2012; Shiryaev et al., 2014; Elrashidi, 2020b).

Being an n-type material, ZnO is known to have high oxygen

vacancies. Considering that the CO2 gas-sensing process relies on

the oxygen vacancy principle makes ZnO the best material to be

used which also allows the gas-sensing behavior to be controlled

by the reduction of ZnO.

Under conventional conditions, ZnO has the wurtzite

structure which has a hexagonal unit cell. The structure of

ZnO is described as a number of alternating planes composed

of tetrahedrally (Wang, 2009) coordinated O2- and Zn2+ ions,

stacked alternatively along the c-axis. Fabrication methods can

impact the energy surfaces and their polarization and might

affect their properties (Batzill and Diebold, 2005).

When CO2 comes in contact with ZnO, a surface

interaction may occur through oxidation/reduction,

electron charge transfer, adsorption, or chemical reaction

(Korotcenkov, 2007). The chemical interaction of CO2 and

ZnO causes a change in electrical properties.

Furthermore, the plasmonic metasurface is used as a

perfect absorber and highly sensitive refractive index

sensor (Zhang et al., 2021; Cheng et al., 2021a). In Sb, the

metasurface is also used as a high refractive index

temperature sensor in the gigahertz band, 1,043.3 GHz/

RIU, (Cheng et al., 2021b; Cheng et al., 2020a). In

addition, a graphene layer is used to enhance the

absorption of metamaterials in the gigahertz range (Cheng

et al., 2020b; Chen et al., 2020). Also, photoconductive silicon

metamaterial is used to enhance the absorption band, in the

gigahertz band (Cheng et al., 2021c; Fermani and Fermani,

2020).

Some related works have been conducted recently to introduce a

highly sensitive CO2 sensor using the SPR technique and ZnO layer

as illustrated as follows.

Herminjard et al. (2009) introduced the first surface plasmon

resonance (SPR) CO2 sensor in the mid-IR region, which is based

on the Kretschmann model (Kretschmann and Raether, 2014).

The proposed structure used a glass prism of CaF2 and two layers

from Ti and Au, and the sensor sensitivity was 10−5 RIU−1.

An optical toxic gas sensor using SPR such as cyanogen,

ethanol, propane, nitrogen oxide, and phosgene was

introduced by Amoosoltani et al. (2019). The proposed

sensor was simulated by the FDTD method using different

materials to obtain a full width at half maximum and Q-factor

of 4.2 nm and 214.28, respectively, and a maximum

sensitivity >270 nm/RIU and merit of figure >30.
Farmani (2019) introduced a 3D plasmonic nanosensor in

the near-infrared region using FDTD with high sensitivity,

700 nm/RIU, and the figure of merit of 1,090 for 0.15 change

in the refractive index of the dielectric layer.

FIGURE 1
Schematic diagram of the proposed nanowall CO2 sensor.
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A modified hemiprism of the Kretschmann gas sensor

configuration was manufactured using a gold (Au) layer

(Nuryadi et al., 2015). A cylindrical-shaped ZnO layer was

used on the top Au layer to maintain CO2 circulation on the

ZnO surface.

An integrated hybrid surface plasmon biosensor was

designed and optimized by Gorman and Haxha (2014). The

given design produced a sensitivity of 3 µm/RIU and a resolution

of 3.34 × 10−6 RIU for a refractive index between 1.33 and 1.34.

Two sensors were introduced by Mi et al. (2016): one to

detect the CO2 and the other to determine the concentration in

the range of 0–500 ppm with a sensitivity of 6 × 10−9 RIU/ppm

(Mi et al., 2016).

Pérez-Ocón et al. (2021) introduced a highly sensitive SPR

CO2 sensor, which senses the concentration in air and any type of

environment with a resolution of 5.15 × 10−5 RIU and sensitivity

of 19.4 RIU−1 for 400 ppm (Pérez-Ocón et al., 2021).

In this work, a unit cell of high-quality ZnO nanowall

honeycomb structure was grown using the PLD method that

has been patented by El zein et al. (2013). Then, the

simulation of the proposed structure was studied using the

finite difference time domain method (FDTD). The

Lumerical simulation tool was used to calculate the

absorption from the visible to near-infrared region,

0.4–2.5 µm. Then FWHM, refractive index sensitivity,

intensity sensitivity, FOM, and Q-factor were also

calculated. Finally, the absorption of the broadband

absorber was simulated at different polarization angles of

the incident light. In this work, an ultra-sensitive refractive

index optical sensor using the ZnO nanowall honeycomb

nanostructure is used to sense the concentration of CO2 in

ppm in the visible and near-infrared optical regions. The

change in the CO2 temperature and pressure on the refractive

index is also studied.

Transmission spectrum, sensitivity,
and figure of merit

The basic idea of optical gas CO2 sensors is that the refractive

index of CO2 is changing according to the gas concentration in

contact with the sensing medium. Consequently, we can sense

optical waves by direct/indirect monitoring of the refractive

index changes of the used sensing material with the change in

the gas concentration. A change in the CO2 concentration will be

indirectly measured by observing the shift of the LSPR

wavelength of the used plasmonic material. Plasmonic

particle’s shape, size, and dielectric function of the used

nanoparticles, in addition to the dielectric constant of the

surrounding medium, determine the position of the maximum

spectrum of the refracted wave (Tharwat et al., 2017).

The maximum value of the reflected wave located at

wavelength λmax can be calculated using Eq. 1 (Elrashidi, 2016).

λ max � P

z
⎛⎝ ������������

εsεm(λ max)
εd + εm(λ max)

√ ⎞⎠, (1)

where P is structural periodicity, εs is the permittivity of the

surrounding medium, εm is a plasmonic nanoparticle dielectric

permittivity at corresponding λmax, and z is an integer. The

dielectric permittivity, εplas, of the nanoparticles can be described

using a multi-oscillator Drude–Lorentz model, as shown in Eq. 2.

εplas � ε∞ − ω2
D

ω2 + jωγD
−∑6

k�1
δkω

2
k

ω2 − ω2
k + 2jωγk

, (2)

where ε∞ is the high-frequency dielectric permittivity of the

plasmonic nanoparticles, ωDand γDare the plasma and collision

frequencies of the free electron gas, δk is the amplitude of the

Lorentz oscillator,ωk is the resonance angular frequencies, and γk
is the damping constant for k values from 1 to 6.

TABLE 1 Plasmonic parameters used for the metallic nanoparticles.

Material Term Strength Plasma frequency Resonant frequency Damping frequency

Au 0 0.7600 0.137188E + 17 0.000000E + 00 0.805202E + 14

1 0.0240 0.137188E + 17 0.630488E + 15 0.366139E + 15

2 0.0100 0.137188E + 17 0.126098E + 16 0.524141E + 15

3 0.0710 0.137188E + 17 0.451065E + 16 0.132175E + 16

4 0.6010 0.137188E + 17 0.653885E + 16 0.378901E + 16

5 4.3840 0.137188E + 17 0.202364E + 17 0.336362E + 16

Al 0 0.5230 0.227583E + 17 0.000000E + 00 0.714047E + 14

1 0.2270 0.227583E + 17 0.246118E + 15 0.505910E + 15

2 0.0500 0.227583E + 17 0.234572E + 16 0.474006E + 15

3 0.1660 0.227583E + 17 0.274680E + 16 0.205251E + 16

4 0.0300 0.227583E + 17 0.527635E + 16 0.513810E + 16

Frontiers in Energy Research frontiersin.org03

Elrashidi et al. 10.3389/fenrg.2022.909950

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.909950


The main sensor parameter is the sensor sensitivity, Sn,

which is defined as a ratio between the shifting in the

resonance wavelength, δλ, to the change in the

surrounding medium refractive index, δn, as given in Eq. 3

(Elrashidi, 2016).

Sλn � δλ

δn
(nm/RIU), (3)

where RIU is the refractive index unit (Chung et al., 2011).

Furthermore, the figure of merit (FOM) which is considered the

main parameter of the sensor can be defined as the ratio between

the refractive index sensitivity, Sλn, and δλ at full width at half

maximum, FWHM, as illustrated in Eq. 4 (Mbomson et al.,

2017).

FOM � Sλn
δλ (FWHM). (4)

Finally, the quality factor (Q-factor) also can be calculated

using Eq. 4, as follows (Lan et al., 2020):

Q � λ max

δλ (FWHM). (5)

To calculate all these parameters, the Lumerical finite

difference time domain, FDTD, a software package, is used to

reflect the electromagnetic wave from the proposed structure by

solving Maxwell’s equations. Then, λ max is measured and

sensitivity, FOM, and Q-factor are calculated using the

previous equations.

The CO2 concentration (C) in parts per million (ppm) is

highly dependent on the gas pressure (kPa) and temperature

(Celsius) which can be calculated using Eq. 6 (Singh and

Malarvili, 2019).

C � Co ×
P

101.3
×

298

(273 + T), (6)

where P is the gas pressure in (kPa), T is the temperature in (0C),

and Co is the concentration at T = 30°C and p = 101.3 kPa, which

took 983 ppm.

The introduced ZnO nanowall structure consists of a

periodic structure honeycomb nanowall grown on the silica

substrate which is grown on the top of the aluminum layer

(Al layer). The Al layer is used as a metal back reflector to reflect

FIGURE 2
SEM image of the ZnO nanowall honeycomb structure.

FIGURE 3
TEM images of ZnO NWaN with the honeycomb structure.
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the transmitted light back to the sensor for more absorption,

where silica is a base substrate of the proposed sensor. Au

nanoparticles, spherical in shape, are distributed on the

nanowall to enhance the sensitivity of the CO2 sensor. The

periodicity in both x and y coordinates and in the z direction

is the perfectly matched layer, PML, as a boundary condition. A

plane wave source with the bloch/period signal and wavelength

bandwidth from 400 nm to 2,500 nm is used in the simulation.

The operating wavelength is in visible and near-infrared regions.

The Lumerical FDTD is an electromagnetic wave solver which is

used to measure absorbed waves by the proposed structure. The

proposed structure is illustrated in Figure 1.

FIGURE 4
(A)Carbon dioxide pressure as a function of concentration in ppm at different temperature. (B)Carbon dioxide pressure as a function of
dielectric constant.

FIGURE 5
Carbon dioxide concentration as a function of the gas
dielectric constant.

FIGURE 6
Absorption of different structures, nanowalls, with and
without graphene layer, and with Au NPs.
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The silica is used as a substrate with thickness, t, and h is the

ZnO nanowall height, which is considered 470 nm, to be

consistent with the experimental data. The nanowall thickness

is s and is equal to 50 nm; however, the honeycomb edge is 70 nm

in length.

The refractive index of silicon is a function of the

wavelength and follows Aspnes and Studna (1983), and the

refractive index of the ZnO thin film is following the proposal

(Aguilar et al., 2019). On the other hand, the refractive index

of the plasmonic NPs using the Drude–Lorentz model is

summarized using Eq. 2. The plasma, resonance, and

damping frequencies for k values are given in Table 1

(Elrashidi and Tharwat, 2021).

Results and discussion

In this section, we will introduce the experimental fabrication

process and then the simulation method analysis.

Experimental work

A thin layer of the ZnO nanowall network with a honeycomb

structure has been grown on Si substrates. The ZnO textured

layer is highly crystalline (c-direction), grown by PLD at

10 mTorr oxygen pressure and a substrate temperature of

600°C. Many parameters influence the nanostructures

deposited by PLD and their quality such as the substrate to

target distance, background oxygen pressure, and substrate

temperature, where this experimental work was reported in El

zein et al. (2014).

Figure 2 shows the scanning electron microscopic (SEM)

images of zinc oxide nanowall nanostructures (ZnO NWaNs).

This image shows that the two-dimensional ZnO NWaNs were

grown vertically on the substrates. The pore size ranges from

50 nm to 140 nm, and the walls between the cells exhibit a

thickness of ~50 nm. The size of the nanowalls is remarkably

uniform over the whole substrate. The density of the nanowalls

increased with the deposition time.

The crystallography of ZnO NWaNs was further investigated

by transmission electron microscopy (TEM). Figure 3 is a cross-

section image of the ZnO film. The orientation can be revealed by

the image. TEM results suggest single crystal ZnO NWaNs were

grown with c-axis orientation with a thickness of 470 nm. Only a

few crystal defects such as dislocations and stacking faults were

observed. An HRTEM image shows the ZnO crystal lattice is

continuous across the film. The grains were grown perpendicular

to the substrates even though they were deposited on Si (100)

substrates. The grain size forming the columnar structure seems

to be similar to each other in the range of 90–120 nm. More

results have been reported by Elrashidi and Tharwat (2021).

TABLE 2 Refractive index sensitivity, FOM, and Q-factor for the three
proposed structures.

Structure Sn (nm/RIU) FOM Q-factor

Nanowall 1,049 26 39

Nanowall with C layer 1,259 45 57

Nanowall with C layer and Au NPs 1,838 229 202

FIGURE 7
Carbon dioxide absorption at different gas pressures.

TABLE 3 CO2 pressure, concentration, peak wavelength, absorption, FWHM, RI sensitivity, intensity sensitivity, FOM, and Q-factor for the first
group, G1.

Pressure
(kPa)

Concentration
(ppm)

λmax

(nm)
Absorption
(%)

FWHM
(nm)

RI
sensitivity
(nm/RIU)

Intensity
sensitivity
(RIU-1)

FOM Q-factor

1,000 954 1,620 46.5 7.0 1,086 5,286 1.1 232

2,000 1,908 1,628 50.6 7.0 1,034 5,379 2.1 233

3,000 2,863 1,635 53.5 6.7 886 4,220 3.4 244

4,000 3,817 1,647 55.7 11.7 819 3,101 2.9 141

5,000 4,771 1,660 63.9 10.0 803 3,619 4.7 166

5,500 5,249 1,686 86.0 6.0 874 5,174 12.2 281
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Simulation analysis

The variation of the CO2 concentration has a negligible effect

on the refractive index, as reported in many research studies

(Gheorghe et al., 2021); however, the metal–organic framework,

MOF, is used to improve the refractive index sensitivity of the

CO2 gas even with a small change of the refractive index. In this

work, we used plasmonic nanoparticles, NPs, instead of using

MOF to enhance the refractive index sensitivity as the absorption

of the plasmonic materials depends on the refractive index of the

surrounding medium, as shown in Eq. 2. However, the CO2

concentration depends on the gas pressure and temperature,

following Eq. 6. Hence, the relation between gas pressure and

concentration, ppm, at different temperatures, 20, 25, 30, 35, and

40°C, is illustrated in Figure 4A using Eq. 6. Figure 4A shows that

the effect of changing the temperature between 20°C and 40°C is

small and can be neglected. However, the effect of CO2 pressure

on the dielectric constant is noticeable and shown in Figure 4B

(El zein et al., 2014).

As the gas pressure increased, the concentration increased

linearly, as shown in Figure 4A, starting from CO2 pressure and

concentration from pressure 500 kPa to 5,500 kPa and

concentration from 477 ppm to 5,243 ppm. Moreover, the

pressure has a great effect on the dielectric constant of the

gas, which can be used to measure the concentration and

consequently the refractive index sensitivity of the sensor. The

TABLE 4 CO2 pressure, concentration, peak wavelength, absorption, FWHM, RI sensitivity, intensity sensitivity, FOM, and Q-factor for group G2.

Pressure
(kPa)

Concentration
(ppm)

λmax

(nm)
Absorption
(%)

FWHM
(nm)

RI
sensitivity
(nm/RIU)

Intensity
sensitivity
(RIU−1)

FOM Q-factor

1,000 954 1,748 0.84 8.6 1,143 2,857 0.9 203

2,000 1,908 1,757 0.83 9.2 1,172 2,000 1.8 191

3,000 2,863 1,766 0.80 7.8 1,020 2,392 3.3 226

4,000 3,817 1,778 0.77 7.9 933 2,101 4.9 225

5,000 4,771 1,792 0.76 7.9 898 1,624 6.7 227

5,500 5,249 18,126 0.81 14.7 869 554 4.9 123

TABLE 5 CO2 pressure, concentration, peak wavelength, absorption, FWHM, RI sensitivity, intensity sensitivity, FOM, and Q-factor for group G3.

Pressure
(kPa)

Concentration
(ppm)

λmax

(nm)
Absorption
(%)

FWHM
(nm)

RI
sensitivity
(nm/RIU)

Intensity
sensitivity
(RIU−1)

FOM Q-factor

1,000 954 1,787 0.58 6.4 1,838 4,374 2.0 279

2,000 1,908 1,799 0.56 7.0 1,655 3,414 3.4 257

3,000 2,863 1,809 0.56 7.2 1,333 2,004 4.7 251

4,000 3,817 1,826 0.54 6.7 1,251 1,689 7.7 273

5,000 4,771 1,845 0.49 8.0 1,205 2,024 8.8 231

5,500 5,249 1,872 0.48 7.4 1,169 1,471 13.2 253

TABLE 6 CO2 pressure, concentration, peak wavelength, absorption, FWHM, RI sensitivity, intensity sensitivity, FOM, and Q-factor for group G4.

Pressure
(kPa)

Concentration
(ppm)

λmax

(nm)
Absorption
(%)

FWHM
(nm)

RI
sensitivity
(nm/RIU)

Intensity
sensitivity
(RIU−1)

FOM Q-factor

1,000 954 1,873 0.25 8.2 1,600 1,571 1.4 228

2,000 1,908 1,885 0.25 9.1 1,621 1,034 2.6 207

3,000 2,863 1,897 0.25 8.0 1,392 431 4.4 237

4,000 3,817 1,916 0.23 9.8 1,323 145 5.6 196

5,000 4,771 1,936 0.24 8.8 1,277 9 8.5 220

5,500 5,249 1,965 0.25 9.1 1,236 121 11.3 216
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dielectric constant is changed from 1.0065 to 1.09 at the pressure

of 500 kPa to 5,500 kPa consequently, as illustrated in Figure 4B.

Figure 5 shows the monotonic increase in the concentration

with a little change in the gas dielectric constant, which is

extracted from Figure 4.

By using the simulation toolbox, Lumerical, we simulate

different structures to calculate the absorbed light power in

the UV and NIR regions. In addition, the absorbed light

power of the incident light for different gas pressures is

compared and analyzed in the following figures.

Figure 6 illustrates the light absorbed by 1) the nanowall

structure, 2) the nanowall with a graphene layer on its top

surface, and 3) the nanowall with a graphene layer with Au

NPs. There is no remarkable difference in the absorbed light

power in the UV region; however, the absorption has extra peaks

when the graphene layer is used on the top of the nanowall, and

Au NPs are distributed on the nanowall sides in the near-infrared

region. As illustrated in Figure 6, the graphene layer causes

sharp peaks in the absorption curve as the graphene

absorption is in the range of 1,500 nm, depending on the

graphene thickness and surrounding mediums (Jiang et al.,

2017). In addition, the maximum absorption of Au NPs

located at wavelength λmax depends on the reflective index

of the surrounding medium, as given in Eq. 1. Refractive index

sensitivity, FOM, and Q-factor are calculated for the three

structures in Table 2 as follows, where the data are calculated

at a pressure of 1,000 kPa.

The sensitivity, when Au NPs distributed on the nanowall sides,

is 1838 nm/RIU, while the sensitivity for the nanowall is 1,049 nm/

RIU. The FOM and Q-factor are 229 and 202, respectively, and

increased when Au NPs are used, as shown in Table 2.

FIGURE 8
(A)Effect of concentration on the refractive index sensitivity (nm/RIU) for groups G1, G2, G3, and G4. (B) Effect of concentration on the intensity
sensitivity, for groups G1, G2, G3, and G4. (C) Effect of concentration on the FOM, for groups G1, G2, G3, and G4. (D) Effect of concentration on the
Q-factor, for groups G1, G2, G3, and G4.

FIGURE 9
Light intensity at different incident angles.
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The absorbed light energy by the proposed structure for

different gas pressures, 500–5,500 kPa, is given in Figure 7 as

a function of wavelength in the NIR region. There are four

groups of shifting due to the change in the refractive index of

CO2 at different wavelengths. Refractive sensitivity, FOM,

and Q-factor of each group are compared in Table 2, to

determine the best group used for sensing the concentration

of CO2.

In order to distinguish between each group and determine which

group has higher sensitivity, the following table has been generated

for all groups. In Table 3, the gas pressure and concentration are

generated using Eq. 6, for the first group, G1. The peak wavelength

associated with each concentration is given in the table, and as

noticed, there is a red shift in the peak. The refractive index sensitivity,

Sλn, is calculated, which decreases with the increasing gas

concentration to reach 874 nm/RIU at a concentration of

5,249 ppm. This phenomenon is very important to consider as we

need higher sensitivity for higher concentration, so we noticed a

higher change in the intensity with the changing concentration.

Hence, we consider the intensity sensitivity as a selection criterion by

calculating the change in the intensity of the absorbed power of the

incident light to the change in the refractive index. Higher sensitivity

has been obtained and reaches 5,174 Int/RIU (intensity change per

reflective index unit), at the critical concentration value of 5,249 ppm.

In addition, higher FOM and Q-factor are noticed at CO2

concentrations of 5,249 ppm, 12.2, and 281, respectively.

Furthermore, Tables 4–6 illustrate the gas pressure,

concentration, peak wavelength, absorption, FWHM, RI

sensitivity, intensity sensitivity, FOM, and Q-factor for groups

2, 3, and 4.

The same data are calculated for all groups; however, the

obtained results are summarized in Figure 8. The proposed

structure refractive index sensitivity, Sλn, for the four groups is

compared and illustrated for different gas concentrations, as

shown in Figure 8A. Groups 3 and 4 have high RI sensitivity,

especially in the high concentration, 1,169 nm/RIU and 1,236 nm/

RIU for groups 3 and 4, respectively, and for groups 1 and 2, the

sensitivity is 874 nm/RIU and 869 nm/RIU, respectively. On the

other hand, the intensity sensitivity for group 1 is very high and

reaches 5,174 RIU−1 at a concentration of 5,249 ppm. Furthermore,

the intensity absorption is very low for group 4 as the intensities are

almost the same, as given in Figure 8B.

In addition, the FOM is also calculated for all groups, where the

best FOM obtained from group 3, FOM = 13.2 at concentration =

5,249 ppm, whereas group 1 gives a comparable value at the same

concentration, 12.2, as illustrated in Figure 8C. Figure 8D shows the

Q-factor as a function of CO2 concentration for all groups, where

group 3 provides the best values except at the high concentration

where group 1 gives the best value, 281.

Figure 8 shows that group 1, on average, supports the best

performance using RI sensitivity, FOM, and Q-factor; however,

group 3 introduced the highest intensity sensitivity and comparable

FOM and Q-factor, especially at a high gas concentration.

Furthermore, the direction of the incident light is one of the

main parameters that affect the absorption and consequently the gas

sensitivity. The intensity of absorbed light is illustrated in Figure 9 at

different polarization angles, from 0° to 80°.

As the polarization increased, the intensity of the absorbed light

increased, which is expected for multi-reflection of the incident light

on the nanowall sides. The multi-reflection leads to improving light

absorption by the Au NPs distributed on the nanowall sides

without any shifting in the peak wavelength. However, the

intensity of the absorbed light is less than 0.4 a.u at the normal

light incident, 10°, with respect to 4.0 a.u at an incident angle

of 80°, where the proposed device can be used as a perfect

absorber in the near-infrared region.

Table 7 illustrates a comparison between the proposed sensor

and some related CO2 sensors, which use the refractive index

change measuring technique. The proposed nanosensor

structure gives the highest sensitivity, 5 m 175 RIU−1, in a

wide sensing range, 0–5,000 ppm.

Conclusion

A highly sensitive ZnO honeycomb nanowall with different

plasmonic nanoparticles was investigated, where the fabrication of

the ZnO honeycomb nanowall is performed by using the PLD

technique. The proposed structure is then simulated using the

FDTD method when the nanowalls are covered by a graphene

layer and Au NPs are distributed on the nanowall sides. Also, the

effect of CO2 pressure on the gas concentration on the dielectric

constant is presented in this work. Furthermore, the peaks shifting in

the light absorption due to changing the refractive index of the

TABLE 7 Comparison between the proposed sensor and some related CO2 sensors used in the refractive index technique.

Author Operating condition Sensitivity

Cheng et al. (2021b) Gigahertz band 1,043.3 GHz/RIU

Herminjard et al. (2009) Mid-IR band 10−5 RIU−1

Gorman and Haxha (2014) Refractive index between 1.33 and 1.34 3.34 × 10−6 RIU

Pérez-Ocón et al. (2009) 400 ppm 19.4 RIU−1

Proposed nanosensor 0–5,500 ppm 5,174 RIU−1
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surrounding gas are also simulated, which leads to four different

groups of shifting. The maximum obtained RI sensitivity is 874 nm/

RIU, and the intensity sensitivity is 5174 RIU−1 from group 1, and the

FOM and Q-factors are 12.5 and 281, respectively. In addition, the

effect of changing the polarization on light absorption is also

introduced in this article.
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