Optica Applicata, Vol. LI, No. 4, 2021
DOI: 10.37190/0a210409

Characterisation of nano-thin film GO/TiO, layers
for Kretschmann-based surface plasmon resonance
visible sensing using FDTD method

*
N.B. KHAIRULAZDANI, R. MOHAMEDZ, D.D BERHANUDDINI, P.S. MENoN!

Unsititute of Microengineering and Nanoelectronics (IMEN), Univesiti Kebangsaan Malaysia,
Bangi, Selangor

ZFaculty of Applied Sciences, Universiti Teknologi MARA Pahang,
Pahang, Malaysia

*Corresponding author: susi@ukm.edu.my

Kretschmann-based surface plasmon resonance (K-SPR) is suitable for biomolecular sensing which
provides label-free and quick detection results with real-time analysis. In this work, we have inves-
tigated the effect of graphene oxide (GO) with titanium dioxide (TiO,) thin films that are placed
in hybrid above metal layers such as gold (Au), silver (Ag) and copper (Cu) with the presence of
chromium (Cr) as an adhesive layer. The thickness of the Au, Ag and Cu metal thin films were op-
timized to 40, 30 and 30 nm, respectively, with a fixed thickness of GO of 2 nm and TiO, of 1.9 nm.
The sensing was evaluated for SPR excitation at three different visible wavelengths of 633, 670
and 785 nm. The performance of sensing was analyzed based on the reflectance intensity and full
-width at half-maximum (FWHM) of the spectrum using the finite-difference time-domain (FDTD)
method. The sensitivity was calculated for analyte sensing in dielectric mediums of air versus water.
The sensitivity increment percentage (%AS) was determined when comparing analyte detection
using Cr/metal and Cr/metal/GO/TiO, sensor structures. The highest sensitivity of 94.51 deg/RIU
was achieved for Cr/Cu/GO/TiO, K-SPR sensor at 633 nm wavelength.
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1. Introduction

Surface plasmon resonance (SPR) is well-known as one of the powerful optical detec-
tion methods for real-time biomolecular detection in various applications. In this work,
we use the Kretschmann configuration of the SPR which provides sensing analysis in
a label-free environment; either in liquid or gas medium. The SPR process occurs when
light which passes through a glass prism is reflected upon contact with a nanofilm metal
surface layer and collected into a photodetector. Then, at a certain incident angle known
as the resonance angle, when the wave vector of the optical light is in tandem with the
wave vector of the electron gas field in the metal film of the sensor structure, a plasmonic
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field is formed above the nano-metal film. Any changes in the dielectric layer above
the nano-metal film cause changes in the reflected light. Therefore, the Kretschmann
configuration is the best method to apply for plasmon excitation. The biomolecular
interaction can be determined by measuring the SPR resonant angle shift during sens-
ing [1, 2]. The sensitivity of the SPR sensor can be improved by using nanoparticles
in the nano-thin film. But at the same time, we have to consider the nanoparticle and
the thickness of each layer of the thin film so that we can maximize the efficiency of
detection. Next, if we want to study the ability of charge carrier to absorb and emit, photo-
luminescence (PL) measurement can be used [3—5]. The photoluminescence emission
occurs due to the phenomena of recombination of excited electron-hole pair. When the
recombination rate is low, the emission intensity is also low [6]. Therefore, SPR phe-
nomenon can then be realised upon the improvement of photoreaction by PL emission.
Each layer of the Kretschmann-based surface plasmon resonance (K-SPR) sensor has
its properties to make better detection and emission. Graphene oxide (GO) can be a suit-
able layer because it has a high surface area that can help the absorption of light and also
prevent oxidation from occurring. In this work, titanium dioxide (TiO,) was chosen to
be the structure underneath GO because this type of metal oxide will provide a strong
plasmonic field improvement with localization and allows controlling light dispersion
and absorption [7]. The bandgap of GO is 0 eV so TiO, functions to reflect light at
a maximum intensity which in turn interacts directly to the metal surface [8]. TiO, has
excellent chemical stability which makes it a suitable material for biosensor detection
and because of that, it will improve the PL spectra intensity. PL spectra can be one of
the best measurements to analyze the performance of TiO, as a biosensor because it
shows the shift in conductivity. According to a previous study, TiO, was used on a glass
substrate for SPR detection and this was followed by the application of PL spectra
measurements in an effort to design an immunosensor for Sal/monella detection. The sen-
sitivity is compared between glass/TiO, sensor and glass/TiO,/anti-S-Ab antibod-
ies where Salmonella antigens show a shifted resonant angle and increasing intensity
of PL [9]. Therefore, this kind of hybrid thin film comprising of GO/Ti0O, is needed
to enhance sensing in many fields especially in biomedical sensing.

2. Methodology

To perform the simulation model of the K-SPR, finite-difference time-domain (FDTD)
from Lumerical was used. The suitable and critical choice of the metal film needs to
be considered for the simulation process. The wavelengths that were used are 633, 670
and 785 nm based on the Kretschmann configuration. The structure of the thin film
consists of five layers which are soda-lime glass (BK7), chromium (Cr) adhesion layer,
metal layers such as gold (Au), silver (Ag) and copper (Cu) that are placed in hybrid
with a graphene oxide (GO) layer and titanium dioxide (TiO,) as the outermost layer
of the thin film. This is shown schematically in Fig. 1.

Generally, the incident angle is set to range from 36 to 80 degrees so that when the
y component of the incident light wave vector corresponds to the wave vector of the elec-
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Fig. 1. Schematic configuration of SPR based on the Kretschmann method.

tron gas at the surface of the metal thin film; thus exciting the SPR mode. The SPR pa-
rameter that is desired to be known is the resonance angle ,., where minimum reflection
intensity occurs as well as the SPR spectra’s full-width at half-maxima (FWHM).
The calculation of FWHM relates to the value of upper resonant angle minus the lower
resonant angle at the half maximum reflection of the SPR spectra [10]. Thus, when the
FWHM value is smaller, it means that the spectrum is narrower and has a deeper sens-
ing peak which is suitable for sensitive detection. After that, to further analyse the per-
formance of the sensors, the sensitivity S is determined as the ratio of the difference
between the two resonances angles 6,s of different analytes to the change in the refractive
index of the analytes [11]. In this work, we evaluate the sensitivity of the sensor from
the dielectric medium of air with refractive index of #» = 1 to the refractive index of
water, n =1.33. The larger the SPR curve shift of two different mediums, the higher
the sensitivity value and thus the performance of the sensor is greater [12].

3. Results and discussion
3.1. Effect of adding GO and TiO, thin film

From the simulation results based on FDTD analysis, we assume that maximum intensity
of light is absorbed at resonance condition to excite the surface plasmon wave (SPW)
that transmits along the interface between the metal layer and the dielectric medium.
Figure 2a shows the comparison of intensity slope for Au with a thickness of 40 nm
underneath GO/ TiO, layers at wavelength 633, 670 and 785 nm. The narrowest slope
is observed for wavelength 785 nm and the reflectance intensity is maximum at wave-
length 633 nm. Next, Fig. 2b indicates that the optimum thickness of Ag is 30 nm
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Fig. 2. The SPR simulation at wavelength 633, 670 and 785 nm for (a) Au with thickness of 40 nm, (b)
Ag with thickness of 30 nm, and (¢) Cu with thickness of 30 nm.

underneath GO/TiO, layers having the most reflectance intensity occurring at wave-
length 633 nm. Among all the metal used, Fig. 2¢ proves that Cu with thickness 30 nm
has the most absorbed light with the highest intensity at wavelength 633 nm but the
minimum FWHM value is at wavelength 785 nm.

From Table 1, at wavelength 633 nm we found out the best Ry, is when metal
Cu is layered with GO/TiO, with 0.0202730 at 44.91°. Metal Ag has the lowest
FWHM value which is 0.9744°. Other than that, Table 2 tabulated based on 670 nm
shows that GO/ TiO: hybrid with metal Cu has then lowest Ri, value with 0.0208869
at 44.35° and when GO/TiO: hybrid with metal Ag has the best FWHM value with
0.7859°. Table 3 also indicated the same metal Cu with the best Ry, value 0.1528170
at 43.21° and Au with the lowest FWHM value 0.9450 at wavelength 785nm. Thus,
from Tables 1, 2, and 3 for 633, 670 and 785 nm, respectively, the overall observation
at each wavelength for every metal: Au, Ag and Cu indicates that R, reduces when
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Table 1. Resonance angle, Ryin and FWHM at wavelength 633 nm for Au with thickness of 40 nm,
Ag with thickness of 30 nm and Cu with thickness of 30 nm underneath GO/ TiO, layers.

Structure 0. [deg] Roin Opwim [deg]
Au/GO 44.3544 0.1303291 1.8008
Au/GO/TiO: 44.4547 0.1212110 2.1025
Ag/GO 43.7975 0.1535235 0.8895
Ag/GO/TiO: 43.7975 0.1247598 0.9744
Cu/GO 44.3544 0.0388928 5.6600
Cu/GO/TiO: 449114 0.0202730 7.0084

Table 2. Resonance angle, Ryin and FWHM at wavelength 670 nm for Au with thickness of 40 nm,
Ag with thickness of 30 nm and Cu with thickness of 30 nm underneath GO/TiO, layers.

Structure 0. [deg] Roin Opwim [deg]
Au/GO 43.7975 0.1320886 1.1472
Au/GO/TiO: 44.3544 0.1240670 1.2543
Ag/GO 42.6835 0.2652990 0.6049
Ag/GO/TiO: 43.2405 0.2182750 0.7859
Cu/GO 43.7975 0.0273308 3.0980
Cu/GO/TiO: 44.3544 0.0208869 3.5144

Table 3. Resonance angle, Ryin and FWHM at wavelength 785 nm for Au with thickness of 40 nm,
Ag with thickness of 30 nm and Cu with thickness of 30 nm underneath GO/ TiO, layers.

Structure 0. [deg] Roin Opwim [deg]
Au/GO 43.2405 0.2307459 0.8320
Au/GO/TiO: 44.2405 0.1263640 0.9450
Ag/GO 42.6835 0.3569870 0.6729
Ag/GO/TiO: 43.2405 0.2076880 0.9860
Cu/GO 42.6835 0.1915660 1.6144
Cu/GO/TiO: 43.2405 0.1528170 1.7440

we add TiO, on top of GO. The pattern of FWHM also becomes deeper and narrower
as the wavelength increases. Also, the resonance angle shifts toward the bigger value
by the addition of the TiO: in the structure. Hence, TiO, shows a huge difference in
the sensor efficiency that causes much light to be absorbed.

3.2. Sensitivity measurement

The sensitivity was calculated for the addition of GO/ TiO, layer on top of metal layers
through angular interrogation. Fundamentally, the sensor is applied with the reference
medium which is dielectric medium also known as air with refractive index, n=1. After
that, we identify the sensitivity of the sensor using water with a refractive index of
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Fig. 3. The sensitivity shifted of SPR-based sensor of metal (a) Au with thickness of 40 nm, (b) Ag with
thickness of 30 nm (c¢), and Cu with thickness of 30 nm with the sensing layer exposed to water, n = 1.33
at wavelength 633, 670 and 785 nm.

n = 1.33. The analyses of Figures 3a—3c are based on: the more shifted the resonance
angle on the graph from air to water, the better the sensitivity of the sensor of each
wavelength 633, 670 and 785 nm.

From Table 4, the presence of GO/ TiO, layers on top of Cr/Au gives better-shifted
value compared to the conventional Cr/Au from air to water at 633, 670 and 785 nm.
The sensitivity of GO/TiO, layer with metal Au at wavelength 633, 670 and 785 nm
increased from 81.01 to 92.83 deg/RIU, from 86.45 to 89.46 deg/RIU, and from 72.57
to 77.64 deg/RIU, respectively. Next, the sensitivity of metal Ag underneath GO/ TiO,
also rose from 77.64 to 89.45 deg/RIU, from 70.89 to 75.95 deg/RIU, and from 70.89
to 74.26 deg/RIU at wavelength 633, 670 and 785 nm, accordingly. For metal Cu/ GO/
TiO,, the sensitivity at 633 nm expands rapidly from 82.70 to 94.51 deg/RIU, at
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Table 4. The sensitivity and sensitivity of different percentages at wavelength 633, 670 and 785 nm.

Wavelength [nm] Structure Sensitivity S [deg/RIU] %AS
633 Cr/Au 81.01
i 12.73
Cr/Au/GO/TiO: 92.83
Cr/Ag 77.64
‘ 13.20
Cr/Ag/GO/TiO2 89.45
Cr/Cu 82.70
. 12.50
Cr/Cu/GO/TiO2 94.51
670 Cr/Au 86.45 135
Cr/Au/GO/TiO2 89.45 '
Cr/Ag 70.89
) 6.66
Cr/Ag/GO/TiO2 75.95
Cr/Cu 82.70 3.03
Cr/Cu/GO/TiO2 86.08 '
785 Cr/Au 72.57 6.53
Cr/Au/GO/TiO2 77.64 '
Cr/Ag 70.89
) 4.54
Cr/Ag/GO/TiO2 74.26
Cr/Cu 70.89

. 4.54
Cr/Cu/GO/TiO2 74.26

670 and 785 nm increases slightly from 82.70 to 86.08 deg/RIU and from 70.89 to
74.26 deg/RIU, respectively. The shift of the resonance angle happened because of the
light travel from one medium to other.

4, Conclusion

As a summary, in this work for the first time to our knowledge, we have determined the
presence of GO/ TiO, thin films that are placed in hybrid form above noble metal nano-
layers such as gold (Au), silver (Ag) and copper (Cu) using K-SPR sensor for three
different wavelengths. The value of Ry, and FWHM for Au with optimum thickness
of 40 nm layer below GO/TiO, were 87.88%, 2.1025°; 87.59%, 1.2543°; 87.37%,
0.9450° at wavelengths of 633, 670 and 785 nm, respectively. Next, the value of R,
and FWHM for Ag with optimum thickness of 30 nm below the GO/ TiO, were 87.52%,
0.9744°; 78.17%, 0.7859°; 79.23%, 0.9860° at wavelengths of 633, 670 and 785 nm,
respectively. Also, the value of R, and FWHM for Cu with optimum thickness of 30 nm
below the GO/ TiO, were 97.97%, 7.0084°; 97.91%, 3.5144°; 84.72%, 1.7440° at wave-
lengths of 633, 670 and 785 nm, respectively. The %A.S for metal Au, Ag and Cu on
thin film TiO, are 12.73%, 13.20% and 12.50%, respectively, at the best wavelength
of 633 nm. Among all the metals used in wavelength 633 nm, silver (Ag) with the
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thickness 30 nm underneath GO/ TiO, layer shows the highest sensitivity improvement
of 13.20% versus the sensor without the presence of the GO/ TiO, layers. The K-SPR
structure with the highest sensitivity is 94.51 deg/RIU which was achieved for Cr/Cu/
GO/TiO, K-SPR sensor at 633 nm wavelength which is recommended for biomolecu-
lar detection.
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