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Abstract: A sodium nitrate sensor with graphene/gold coating is presented in this paper. A
Kretschmann setup with angle interrogation was used to detect sodium nitrate in the range of
0-15%. Using a graphene coating on top of the 50 nm gold layer showed an improvement in the
sensitivity of the sensor. The gold-coated setups had a sensitivity of 0.198°/%. In contrast, the
graphene/gold-coated samples showed a sensitivity of 0.244° /% due to the charge transfer between
the graphene and the gold and the resulting excited solid electric field. The graphene/gold-coated
sensor showed good stability with time in the temperature range of 19-34 °C. This shows that this
setup may be beneficial in detecting sodium nitrate.
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1. Introduction

Sodium nitrate is a common food additive used in preservation and pickling processes.
However, some health concerns were raised, leading to the establishment of a daily intake
limit for food and beverages reported as 3.7 mg/kg body weight (bw) per day [1-3]. As a
result, detecting sodium nitrate levels in food and beverages is critical. Traditional nitrate
sensors, which rely on resistive and capacitive elements, face frequency- and temperature-
dependence issues, so photonics sensing may be a solution to these issues [4—6]. Although
tapered and D-shaped fiber sensors have been used to detect sodium nitrate, they were
found to be fragile and difficult to handle [7,8]. On the other hand, surface plasmon
resonance (SPR) has demonstrated high sensitivity and resolution; further development is
needed to ensure cost-effectiveness that may be required.

SPR sensors are also used to detect toxic gases [9] and pollutants [10] and in a variety
of bio-sensing applications [11]. When incident light energy couples with electrons in a
dielectric-metal interface, they move parallel to the metal surface, causing surface plasmon
resonance. These plasmons produce an electric field with a range of approximately 300
nm from the metal-dielectric boundary. This energy coupling is visible as a dip in the
SPR sensor’s reflectivity curve at the resonance angle. The incident light must be at the
resonance angle where the photons’ propagation constant matches the plasmons [12]. The
refractive index of the metal-dielectric interface influences the propagation constant, caus-
ing the resonance angle to change. By tracking the changes in resonance angles, valuable
information about the refractive index of the sensor environment can be obtained [13,14].
In this study, a Kretschmann setup was used to build the sensor. Kretschmann setups can
be a challenge to miniaturize, but they have shown good sensitivity and stability and are
widely used.
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The surface plasmons are associated with an electric field that is at its peak at the
interface, which exponentially decays in the metal and the dielectric material. Surface
plasmons need TM transverse magnetic light to be excited because the plasmons are
transverse magnetic. When boundary conditions are appropriately applied for the metal-
dielectric interface, the propagation constant of plasmons becomes the following:
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In the equation, ks is the surface plasmons” wave propagation constant, ko is the
incident light propagation constant at wavelength A, and €; and €, are, respectively, the
dielectric constant of the metal and dielectric interfaces, which depend on wavelength [12].

At a given wavelength, the signs of €,; and €5 are opposite. Consequently, the surface
plasmons’ propagation constant is larger than the propagation constant of the incident light
propagating in air. Thus, the excitation of surface plasmons cannot happen in direct light.
Additional momentum and energy are needed to achieve plasmon resonance. The incident
light must have additional momentum to satisfy phase matching and excite the surface
plasmons. To achieve this prism, grating, waveguide, or fiber-optic coupling methods have
been used before [15].

Graphene can be used to improve SPR sensing performance. Graphene is a two-
dimensional material with super-speed electron transport [16,17]. Graphene has proven
to enhance the sensitivity of bio SPR sensors. Charge transfer from a graphene coating to
the thin gold coating of an SPR sensor makes the sensor more sensitive to changes in the
refractive index of the sensing environment. This is caused by the stronger excited electric
field on the thin gold coating [18,19].

Graphene-based SPR sensors to detect immunoglobulin G (IgG) antibodies had a
resolution 5-10 ng/mL and a maximum standard deviation of 4.1 x 104 [20]. However,
using polarization measurements can be a challenge setup for compact sensing. A graphene
boron-doped (BG) nano disk array was structured on a ZnSe prism for biomolecule detec-
tion in aqueous solutions. It showed a 0.5 nM limit of detection. However, homogeneous
doping is still a challenge for further development [21]. This shows that using graphene
for SPR sensing is a promising direction but that developing feasible and cost-effective
methods need to be addressed as well.

In this paper, a Kretschmann SPR sensor is presented for sodium nitrate in liquid
solutions in which the concentration varied between 0 and 15%. The sensor used a glass
prism with a gold and graphene coating. Angle interrogations were used to track the
changes in the resonance angle when the sodium nitrate concentration changed.

2. Experiment Setup and Materials Preparation

The experiment setup for the proposed sensor is shown in Figure 1. It consists of a
prism coated first with 50 nm gold using sputter coating. The sputter coating machine
controls the thickness of the gold coating. The prism is positioned on a rotational stage
to vary the incident light angle. A He-Ne light source with a wavelength 632.8 nm was
used with a polarizer to ensure proper operations. The photodetector (Thorlabs OPM
PM100D) used in this experiment was positioned on a linear translation stage to follow
the movement of the prism. The light reflected from the coated surface of the prism was
collected and saved using a computer. The sodium nitrate liquid solution was applied to a
flow cell secured on the coated surface of the prism.

The reflected light was collected for every angle of interest to identify the angle at which
the least light was reflected, known as the resonance angle. This process was repeated for
the different concentrations of sodium nitrate. The resonance angles recorded for the sodium
nitrate solutions were in the range of 0-15% weight percent at room temperature, 25 °C.
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Figure 1. The experimental setup for the surface plasmon resonance sensor.

The current refractive index measurements available from previous works were
recorded [7,8,22]. Sodium nitrate exists in food and drinks in low concentrations and
needs to be monitored in those low ranges. Thus, low concentrations between 0 and 15%
were reported.

After identifying the resonance angles for different sodium nitrate concentrations, sta-
bility was tested. At the resonance angle, the light output level was recorded continuously
for several minutes to gauge the stability of the sensor over time. The temperature effect
on the sensor was investigated by measuring the light output level at the resonance angle
while the temperature varied from 19 to 34 °C degrees.

Angle interrogation was conducted by varying the incident angle of the input light. A
graphene coating was carefully applied to the gold-coated surface of the prism. A graphene
suspension in acetone was sonicated for 72 h. Then, the sonicated solution was applied
to the prism and placed on a spin-coating platform for an hour. This was to ensure even
coating on the prism surface. Next, the prism was placed in an oven for the coating to
adhere to the surface and at the same time evaporate the acetone. The prism was left in the
oven at the temperature of 60 °C for an hour. The prism was stored in a 30% humidity and
25 °C temperature-controlled chamber for 24 h before the experiment.

After each iteration of the solution, distilled water was carefully applied to the sensor
surface and then removed from the flow cell. The DI water was carefully used to rinse all
the deposit off the sensor and to ensure that the sodium nitrate solution was removed. A
microscope was used to check if there was any coating damage. Even though the sensor
was exposed to several rounds of sodium nitrate solution, the image under the microscope
shows that the graphene coating was not affected.

In future work, a compact and cost-effective sodium food safety sensor can be pro-
posed to align with a compact light source and waveguide coupling to overcome bulkiness.
Another reason for using waveguides is to be able to characterize the sensor coatings. The
current setup uses a prism that cannot be attached to machinery for surface inspection.
Instead, small glass slides can help in conducting characterization testing successfully.
However, the sensing waveguide still has the potential to be damaged during the charac-
terization process.

Currently, the scope of this work is to successfully coat the sensor and test it with
various concentrations of sodium nitrate solution using angle interrogation method. Fur-
thermore, the proposed work investigates the sensitivity of the sensor towards the changes
in the concentrations of the sodium nitrate solutions. The sensing performance was mea-
sured based on the changes in the resonance angles at the different concentrations. Testing
for selectivity will be addressed in a future work that will combine several coating layers
in addition to graphene. Additional coating with different materials may improve the
selectivity. In future work, we will focus on intensity-based SPR sensing to calculate limit
of detection.
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The current Kretschmann setup is appropriate for testing liquid samples safely. Sodium
nitrate is a common food additive for pickling and preserving food. A method for examin-
ing sodium nitrate presence in food samples needs to be developed. The proposed sensor
will be adapted in the future to test real samples from pickled foods.

3. Results and Discussion

This study’s sensor was proposed using a Kretschmann setup with angle interrogation.
The changes in the refractive index were observed with changes in the concentrations of
sodium nitrate solution. The change in concentration changes the refractive index of the
sensing environment at the metal-dielectric interface. Consequently, changes in the wave
vector of the plasmon affect the angle at which light couples with the electrons on the metal
layers’ field. By observing the different resonance angles for the solutions, the presence
and concentration of sodium nitrate can be detected.

Initially, a gold-coated sensor was studied to ensure that it could achieve surface
plasmon resonance before applying the graphene coating. Angle interrogation was used to
verify that the sensor could achieve SPR with distilled water (sodium nitrate 0%) applied
on the surface. Figure 2 shows the resonance dip that occurred when distilled water was
applied to the sensor surface. Upon applying the graphene coating, the same process was
repeated, and the resonance dip was studied. As shown in Figure 2, the full width at half
maximum (FWHM) of the resonance dip widens with graphene coating due to the slight
increase in the thickness of the coating layers. The minimum reflectivity also increases due
to the coating, which slightly affects the coupling of energy.
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Figure 2. The reflectivity of the SPR sensor with distilled water solution.

The resonance angle depends on the refractive index of the metal-dielectric inter-
face and surrounding medium. Distilled water with sodium nitrate at 0% concentra-
tion is applied to the coated surface of sensor and the resonance angle is observed. The
graphene/gold-coated surface of the sensor shows a shift in resonance angle due to the
graphene layer’s presence, which changes the conditions of surface plasmon resonance.
Furthermore, the application of the graphene coating layer increases the thickness of the
coating surface, thus, limiting the energy coupling of the incident light and causing the
minimum reflectivity to increase for the graphene/gold-coated sensor, in contrast with the
one coated with gold only.

The effects of the sodium nitrate solutions on the gold-coated SPR setup are shown
in Figure 3. Solutions of different concentrations of sodium nitrate in water (0%, 1%, 7%
and 15%) were injected independently into the flow cell on the surface of sensor with the
gold-coated prism. The angle interrogation showed that the resonance angle shift with
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the changing concentrations of sodium nitrate. This is due to the changes in the refractive
indexes of the solutions in contact with the metal-dielectric surface and the subsequent
change in the resonance conditions. The total angle shift when gold coating was used is
smaller than when graphene/gold coating is used, as can be seen in Figures 3 and 4.
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Figure 3. The response of the gold-coated sensor to sodium nitrate solutions.
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Figure 4. The response of the sensor with the graphene/gold coating.

Next, the effect of graphene coating on the gold-coated prism was studied by repeating
the same process. The angle interrogation showed that the resonance angle shifts with
changing concentrations of the sodium nitrate. The wave vector of the plasmon depends
on the refractive index of the metal-dielectric interface and the surrounding medium. Thus,
sodium nitrate is able to affect the coupling condition and cause an angle shift as shown in
Figure 4. Using graphene with gold had a pronounced effect on the response of the sensor
to the sodium nitrate concentration changes. The charge transfer between the graphene
and gold enhanced the sensor’s sensitivity to changes in the refractive index due to the
strengthening of the excited electric field in the metal-dielectric interface.
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The sensing performance of the setup shows the effect of using the graphene coatings
on gold-coated prism samples as shown in Figure 5. The dashed lines show the best-fit
straight line of the sensor response to changes in sodium nitrate concentrations. The sensor
responded to the changes in sodium nitrate concentration and improved with graphene
coating during the testing of several prisms coated with graphene. An average sensitivity
of 0.244° /% was recorded with the graphene/gold samples. The average sensitivity of
the prisms with only gold coating was recorded as 0.198° /%, which shows that coating
graphene on top of gold can improve the performance of prism setups. This is because
graphene is a two-dimensional material with super-speed electron transport. The sensing
surface becomes more sensitive to changes in the surrounding due to the charge transfer
from the surface of the graphene layer to the surface of the thin gold coating. The graphene
also enhances the excited electric field at the gold layer surface. Thus, the use of graphene
is beneficial for the sensor.
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Figure 5. The sensing performance of the angle interrogation for the Kretschmann setup sodium
nitrate concentration changes in the range 0-15%.

Table 1 shows the performance of the graphene/gold-coated sensor. The experiment
was performed three times. The standard deviation was also recorded and showed a
maximum of 0.041 mW. The minimum light output reflectivity increased with changes in
sodium nitrate concentration. This is an effect of the interaction between the graphene and
gold layers with the changing concentrations in the solution and the resulting changes in
the coupling conditions for the resonance.

Table 1. The Kretschmann setup sensing parameters for the sodium nitrate-water solutions.

Sodium Nitrate .. . Light Output Standard
Concentration (%) Minimum Reflectivity Deviation (mW)
0% 0.500 0.003
1% 0.539 0.023
7% 0.630 0.041
15% 0.727 0.037

Several methods are reported for studying the performance of the sensor with the

differing concentrations of sodium nitrate solutions. The summary is presented in Table 2.
To show the comparison between the reported and proposed sensors for different con-
centrations of sodium nitrate solutions, most reported that fiber sensors use light output
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variations and peak wavelength shifts for sensing analytes, but this work uses resonance
angle variations to detect the presence of analyte. Tapered fibers and D-shaped fibers are
fragile and difficult to handle. Therefore, the proposed sensor uses a Kretschmann setup
with prisms for the same purpose. The Kretschmann setup used in this work showed an
average sensing performance of 0.244°/%.

Table 2. The sensing parameters for sodium nitrate sensors in previous works.

Sensing Setup Coating Materials Sensing Performance
Tapered fiber Graphene 1.290 dBm /% [8]
D-shaped fiber Graphene 0.223%/dBm [7]
D-shaped fiber PVA/Graphene 0.390 dBm/ % [22]
Kretschmann SPR Gold/Graphene 0.244° /% [This work]

Figure 6 shows the results of stability testing the graphene/gold-coated sensor over
time. The sensor was tested at the resonance angle for different concentrations, and the
light output level was continuously recorded for 300 s. The maximum fluctuation in light
output power was 0.020 mw. The stability testing was conducted at room temperature of
25 °C and 30% relative humidity.

3.8 +

3.6 +

3.4 - * 0% 1% 7% 15%

3.2 -

Output Power (mW)

2.6 T T T T T

0 50 100 150 200 250 300
Time (seconds)

Figure 6. The Kretschmann setup stability for sodium nitrate detection.

Investigating a graphene/gold-coated sensor with temperature effect is vital. The
effects of temperature variation needs to be investigated to ensure that the light output
of the sensor is stable. The sensor will be further developed into a compact food safety
sensor in the future. Thus, room temperatures in the range of 19-34 °C were used for these
investigations. This range of temperature provided a reliable and stable output for the
current setup. In Figure 7, the light output level at the resonance angle was studied with
temperature ranging between 19 and 34 °C. The sensor shows a maximum output power
of 0.020 mW variation in the temperature range, which can be considered in the future
development of the sensor. Gold coating shows better stability in SPR sensors than other
plasmonic coatings such as silver due to oxidation.
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Figure 7. The temperature effects on the Kretschmann setup for detecting sodium nitrate.

4. Conclusions

Surface plasmon resonance sensors are garnering attention for their good sensitiv-
ity and detection performance. Sodium nitrate is a chemical used for preserving food.
However, it is recommended that its consumption be limited for a healthier life. A
graphene/gold-coated Kretschmann SPR sensor was developed for sodium nitrate de-
tection in the range of 0-15%. A He-Ne light source with wavelength of 632.8 nm was
used as a light source with a prism coated with a 50 nm layer of gold and graphene. Angle
interrogation was used to investigate the performance of the sensor. The graphene/gold-
coated samples showed a sensitivity of 0.244° /%, while the gold-coated setups showed
a sensitivity of 0.198°/%. The charge transfer between the graphene and gold occurred
due to the strong excited electric field, which enhanced the sensor’s response to refractive
index changes. The sensor showed good stability over time. Temperature’s effect on the
sensor output was minimal at the temperature range between 19 and 34 °C. This shows that
the proposed sensor is effective for detecting sodium nitrate. This sensor will be further
developed into a compact intensity-based surface plasmon resonance sensor for food and
drinking water safety.
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