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Numerical analysis of hafnium 
oxide and phase change 
material‑based multi‑layered 
infrared and visible frequency 
sensor for biomolecules sensing 
application
Khaled Aliqab 1*, Vishal Sorathiya 3, Meshari Alsharari 1, Kavan Dave 2 & Ammar Armghan 1*

We report on the results of a numerical investigation into a phase transition material and hafnium 
(IV) oxide-based refractive index sensor with a wide spectral range, including both the visible and 
infrared regions of the electromagnetic spectrum. The sensor relies on hafnium (IV) oxide and a 
phase transition material (HfO2). Three layered versions of the proposed structure are studied; each 
configuration is built from alternating layers of HfO2, silica, Ge2Sb2Te5(GST), and silver. The three 
different arrangements have all been studied. The reflectance response of such multilayer structures 
is discussed in this manuscript for refractive indices ranging from 1 to 2.4. In addition, we have 
investigated how the varying heights of the materials affect the overall performance of the structure. 
Finally, we have supplied several formulae for resonating traces that may be used to calculate the 
sensing behaviour across a specific wavelength range and refractive index values. The corresponding 
equations are shown below. We have computed numerous equation traces throughout this inquiry 
to calculate the wavelength and refractive index values. Computational methods may be used to 
analyze the proposed structure, which might aid in creating biosensors for detecting a wide variety of 
biomolecules and biomarkers, such as saliva-cortisol, urine, glucose, cancerous and cancerous, and 
hemoglobin.

Food safety, disease diagnosis, medicine selection, and enzyme detection are areas where biosensors have made 
great strides in recent years1,2. These sensors use all sorts of sensing techniques and equipment. One such method 
is measuring the index of refraction, which may be used to identify various chemical and biological characteris-
tics. Dissipating charge density oscillations at the dielectric-metal interface are surface plasmons (SPs). A metal’s 
electric field deteriorates at an accelerating rate when exposed to air and water. Stimulating SPs is a potential 
first step in creating TM-polarized waves from naturally existing materials. Plasmonic devices may use surface 
plasmon resonance (SPR) as a mechanism3–5 to accomplish various chemical and biosensing tasks. The SPR 
technique allows for the successful execution of such programs. This technology has found use in many areas, 
including food analysis, drug testing, and medical diagnostics. Because of its numerous advantages, SPR sensors 
and other contemporary sensing methods are now at the cutting edge of technology for use in sensing applica-
tions. The ideal sensor system we could create would be sensitive, quick to respond, and label-free, allowing it 
to do real-time sensing on any platform. In the paper, the authors use a modified Kretschmann apparatus and 
attenuated total reflection spectroscopy to excite SPs. In typical Kretschmann’s invention, a high-index prism 
is coated with a thin metal layer6. The impingement phenomenon occurs when a TM wave of a certain wave-
length comes into contact with a prism at an incidence angle greater than the critical angle between metal and 
prism at the interface. The metal layer must remain in touch with the dielectric medium being measured. As 
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the energy of an input wave passes through a thin metal layer, it is transformed into a surface plasmon wave in 
the metal. This results in the creation of what is known as surface plasmon (SP) waves at the interface between 
a dielectric and metal layer boundaries. This occurs because the wave has to pass through the metal to get to its 
destination. This takes place because the wave must travel through the metal before reaching its target. The light 
reflected from the base of a prism is at its weakest when the light enters the prism at a specific angle. The term 
"resonance angle" is commonly used to refer to this particular angular value. From this, we may deduce that the 
constants of propagation for evanescent waves and surface-penetrating waves are the same. One of the most 
important factors when determining this angle is the medium refractive index through which the resonance 
is generated. A metal layer is often used during the manufacturing process of conventional SPR sensors. Gold 
(Au)7 or silver (Ag)8 are typical ingredients in this coating. To construct SPR sensors that are capable of sustain-
ing plasmons, several different metals, such as silver, gold, indium, aluminum, and sodium, are used. Plasmons 
are even capable of existing in sodium under the appropriate circumstances. A wide range of metals, including 
copper, silver, indium, gold, aluminum, and sodium, are used to construct SPR sensors capable of sustaining 
plasmons. Plasmons are theoretically capable of existing in sodium, given the right conditions. Because of its 
improved stability, biocompatibility, and sensitivity, gold has largely replaced silver as the material of choice 
for SPR sensors in recent years9–11. Historically, silver was often employed in these detectors. One of the many 
ways gold outperforms silver is through its increased sensitivity. On the other hand, silver can be used to cover 
an advanced layer, slowing the pace of oxidation in that layer9–11. The analyte’s relative intensity (RI) before and 
after contact is compared by researchers as part of their investigation into the impact of biomolecule interac-
tions on sensor sensitivity. For surface plasmon resonance to take place, it is necessary for the evanescent wave 
generated by the TM light to be in phase with the surface plasmon (SP) wave (SPR). The reflectance profile may 
go lower if all of these criteria come true. The exact angle at which reflectance starts to decrease is contingent 
upon several different factors12–15. These factors include the kind of prism used, the wavelength of the incident 
light, the materials, the metal, and the way biomolecules were bound. When evaluating the performance of an 
SPR sensor in terms of its sensing capabilities, the reflectance curve is the main instrument used for the evalua-
tion. A sensor based on surface plasmon resonance has the potential to identify biomolecules in a liquid sample. 
Once biomolecules attach to a metal surface, they produce a layer with a higher RI than water. If we analyze a 
sample, we can see that the resonance angle changes. The degree of adsorption impacts the sensor’s ability to 
identify biomolecules in the presence of background noise. Therefore, while constructing SPR-based sensors, 
it is essential to consider the type of surface on which biomolecules are adsorbed. The creation of biosensors is 
highly dependent on fine-tuning, which may be accomplished in part by applying phase transition materials such 
as GST16. Because GST is now a part of the biosensor, it is possible to make more nuanced modifications to the 
absorber and the sensor. It has been demonstrated17 that polarization-insensitive absorbers may be produced 
by employing GST metasurfaces as the active component. On the other hand, research has shown that GST 
may boost the performance of plasmonic devices18. The most common kind of phase transition material, GST, 
can flip between an amorphous form (aGST) and a crystalline state (cGST) depending on the circumstances. 
These states have unique optical and electrical characteristics, making them an appealing material for use in a 
wide variety of applications, including data storage, sensors, and logical devices19. Creating biosensors that may 
be used in sensing and switching applications can benefit from utilizing modifiable phase change materials. 
Due to the intense nature of its interaction with light, GST has emerged as a critical component in developing 
nanophotonic and nanoplasmonic technologies20. In contrast to its amorphous condition, the crystalline form 
of GST can absorb light17. When making biosensors using GST, adding gold in the gap between the metal layer 
and the metal grating results will increased sensitivity for a longer lifespan21. Thermally produced silicon nitride 
(Si3N4) and silicon dioxide (SiO2) have dominated the market for usage as transistor gates in field effect transis-
tors during the past few decades22,23. However, conventional biosensors are constructed using semiconducting 
silicon. When the complementary metal oxide semiconductor (CMOS) thickness with SiO2 material-based 
devices decreases, high gate oxide leakage becomes more noticeable because the layer’s reliability is diminished.

The capacitance may be increased without reducing the dielectric thickness to leaky dimensions by increas-
ing the dielectric constant (K). To find alternatives to SiO2 for usage as high-K gate materials, several additional 
materials have been investigated. The most popular material is silicon dioxide. This category includes tantalum 
pentoxide (Ta2O5), titanium dioxide (TiO2), zirconium dioxide (ZrO2), and hafnium oxide (HfO2)24–26. HfO2 is 
one such compound that has been the subject of much research. HfO2 is more stable thermally on silicon after 
atomic layer deposition (ALD) than SiO2. Similarly, Al2O3 is more stable thermally with Si after ALD27. It is a 
significant difference compared to the other high- K dielectrics. Therefore, HfO2 might emerge as a promising 
high-K gate material. These characteristics might be considered to be the charge impact of the material when 
used in a biosensor. Because the gate oxide layer produced on the semiconducting channel connects to the 
channel’s consistent capacitance switching behaviour creased thermal stability produces a favorable interface 
for electrical performance. Applying a high-K material to generate a highly polar surface can help reduce the 
relative activation energy necessary for surface functionalization. A high-K material can create a highly polar 
surface to achieve this result.

Hafnium dioxide (HfO2) is a metal oxide commonly used in the fabrication of sensors due to its high dielectric 
constant and excellent electrical properties28. In surface plasmon resonance (SPR) sensors, HfO2 is often used as 
a thin film coating to enhance the sensitivity and stability of the sensor. Several polymorphs or crystal structures 
of HfO2 have been identified, including monoclinic, tetragonal, and cubic29. However, the most commonly used 
polymorph for SPR sensor applications is the monoclinic phase, which has a higher dielectric constant and is 
more stable than the other phases. The choice of HfO2 polymorph can significantly impact the performance of 
an SPR sensor. For example, the monoclinic phase is preferred due to its higher sensitivity and stability, while 
the tetragonal phase may exhibit lower sensitivity and be more prone to phase transitions in thin films30. In the 
infrared region from 1.2 to 2.5 µm, the Si layer is commonly used as a substrate for various optical and electronic 
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devices. Therefore, hafnium dioxide (HfO2) is often used as a thin film coating on Si substrates to fabricate optical 
and electronic devices for the infrared region. The monoclinic phase of HfO2 is generally preferred for use with 
the Si layer in the infrared region due to its high refractive index and low absorption in this wavelength range. 
The monoclinic phase of HfO2 also exhibits good thermal and mechanical stability, making it suitable for use in 
high-temperature applications.

Multi‑layered refractive index structure.  Schematics of the multi-layered Si–GST–Si–HfO2–Si–Ag–
Analyte-based refractive index sensor are shown in Fig. 1. In this research, a simulation using the finite element 
technique (FEM) is used to build and evaluate the suggested model. The sensors depicted in Fig. 1 were simu-
lated using COMSOL Multiphysics software. The suggested sensor has been modeled as a 2D model by incident 
light on top of the multilayer structure (Si–GST–Si–HfO2–Si–Ag–Analyte) using periodic boundary conditions 
and ports in the x and y directions in the two port models31. For this FEM-based model, we have used fine 
physics-controlled scaled mapped mesh with the components ranging from small to large. The infrared wave 
is excited from the top of the structure, as shown in Fig. 1a. The reflected wave is observed from the same port 
in reflectance parameters. Port 2 (bottom side of the overall structure in the Z direction) is used to identify the 
transmittance through the overall unit cell structure.

A unit cell is typically associated with crystalline structures, as it refers to the repeating unit of a crystal 
lattice32,33. However, this does not mean the concept cannot be applied to other structures or systems. In the 
context of waveguide sensors, defining a unit cell as the basic repeating structure that forms the sensor is possible. 
Many researchers are using this technique for better understanding. It could include the geometry and dimen-
sions of the waveguide and any materials or coatings used to enhance its sensing capabilities. By understanding 
the properties of the unit cell, it is possible to predict the behavior of the sensor as a whole. The properties of 
the metal layer, including its thickness and optical properties, as well as the dimensions and geometry of the 
waveguide itself, can all be considered part of the unit cell. By understanding how changes in these properties 
affect the SPR response of the sensor, it is possible to design and optimize the sensor for specific sensing applica-
tions. For example, by varying the thickness of the metal layer within the unit cell, it is possible to tune the SPR 
response of the sensor to different wavelengths of light. It can detect different analytes or molecules in a sample 
selectively. Similarly, optimizing the geometry of the waveguide within the unit cell can enhance the sensitivity 
and signal-to-noise ratio of the sensor, leading to improved detection limits and accuracy. Figure 1a shows the 
proposed three-dimensional view of the proposed structure. Figure 1b shows the unit cell structure with the 
notation of the dimension. This multi-layered structure is numerically investigated in two-dimensional geometry 
where the boundary conditions are set periodic boundary conditions. An infrared optical wave is imparted from 
the top of the proposed structure. The height values are set as hS1 = hS2 = hS3 = 40 nm, hGST = 60 nm, hf = 60 nm and 
hAg = 40 nm. The unit cell dimension L is set as 200 nm. We have considered the sandwiched layer of the silica for 
all the materials because it is easy to grow most of the novel material on a standard silica substrate.

Resonance condition.  The electric field displays a strong discontinuity along the surface normal when free 
electrons caused by an incident light couple with a metallic surface in contact with a dielectric. It is because the 
free electrons’ motion contradicts the surface normal. Since the E component of s-polarized waves in TE mode 
is perpendicular to the surface normal, these waves cannot sustain surface plasmons, which are p-polarized (TM 
mode). Therefore, the electromagnetic components of p-polarized incoming light can be represented as follows 
(using Eqs. 1 and 2):

Figure 1.   Silver nanoparticles array-based multi-layered tunable refractive index sensor for the infrared 
frequency spectrum. (a)Three-dimensional view of the proposed silver nanoparticle array-based multi-layered 
material refractive index sensor. (b) Unit cell structure with a multi-layered structure formed with Si–GST–Si–
HfO2–Si–Ag–analyte.
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By integrating the preceding equations into Maxwell’s equations under suitable boundary conditions34, we 
obtain the equation for establishing resonance, denoted by Eq. (3) below.

In this expression, c represents the velocity of light, λ is the wavelength of the incoming light, the angular fre-
quency is denoted as ω , the incidence angle is denoted as θRES, εp the permittivity of the prism, εm that of the metal, 
and, εa that of the surrounding medium. The equation above can be reduced to kx = 2π/�0npsinθ = Re{kSP}35. 
In this equation, kx represents the wave vector in the x direction, np represents the refractive index of the prism, θ 
represents the incidence angle, λ0 represents the wavelength in a vacuum and Re{kSP} specifies the real component 
of the SP wave vector in the x direction at the metal–dielectric interface. To get the best possible performance, 
a layer of silicon with a thickness of hS1=h S2= hS3 = 40 µm. The refractive index of the silicon is determined using 
the Sellmeir equation, which is written as follows: Eq. (4)

where λ is the wavelength of the incident light and is measured in the µm range. The spectral properties of any 
specific piece of bulk metal may be characterized by using two different parameters: the plasma wavelength ( �p ) 
and the bulk collision wavelength ( �cb ). To be more specific, the plasma wavelength is the wavelength that cor-
responds to the frequency of the electron density oscillations in the metal. Since electron density oscillations are 
dampened by collisions between electrons in the bulk metal, the wavelength corresponding to these is known 
as the bulk collision wavelength. The formula for determining the wavelength of plasma is provided in Eq. (5), 
and it is as follows:

The formula for calculating the collision wavelength, which is denoted above as Eq. (6), is as follows:

In this equation, N represents the concentration of electrons, e represents the charge of an electron, c rep-
resents the speed of light,  ε0 represents the permittivity of vacuum, vf  represents the velocity of electrons at 
the Fermi energy, m represents the mass of an electron, and Rbulk represents the mean free path of conduction 
electrons at the Fermi energy. It is necessary to examine a straightforward and accurate model to get the best 
possible outcome when dealing with the conductivity of the metal. The Lorentz–Drude model is a method to 
understand the electromagnetic characteristics of metals grounded in classical mechanics. This model is built 
on three essential assumptions to identify metals’ conductivity. This method results in an accurate representa-
tion of metals such as gold, silver, and aluminum. The Lorentz–Drude model is the most practical choice when 
parameterizing the metal’s optical constants36. Both bound and free electrons affect the optical properties typical 
of metallic media. As a result, the Lorentz term for the interband ransition and the Drude component for the 
intraband effect are both accounted for in the form of the Drude–Lorentz model inside the complex dielectric 
permittivity that corresponds to them 37. According to the free electron Drude model, the complex dielectric 
constant of the metal may be represented in terms of the plasma and collision wavelength using the formula 
provided in Eq. (7)38. It was found out by expressing it in terms of the plasma wavelength.

where λ is a specific wavelength among the range of wavelengths that have been targeted, λp is the wavelength of 
the plasmonic resonance, and �cb is the wavelength at which the two waves collide. The values 1.4541 × 10–7 m 
and 1.7614 × 10−5 m have been extracted from data available in 39,40. For the plasmonic and collision wavelengths, 
respectively, for the proper wavelength range and specific silver metal. These values were derived. The equation 
used to get the index of refraction when starting with this information is given in Eq. (8).

The refractive indices of PCM, such as aGST and cGST, were calculated as the function of frequency. The real 
part of aGST is in the range of 2.6 to 4.6 and the imaginary part is in the range of 0 to 2.4 for the range of 100 to 
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800 THz. Similarly, the real part of cGST is in the range of 2.25 to 7.16, and the imaginary part is from 0 to 4.1 
in the range of 100 to 800 THz. The relative data is considered from the data available in41.

Numerical analysis of the proposed biosensor.  After observing the electrical distribution from the 
FEM method in COMSOL physics software, radiative properties of the biosensor’s multilayers, such as reflec-
tance and transmittance, may be calculated using one of three methods: the transfer matrix method, the field 
tracing methodology, or the resulting wave method. The transfer matrix approach is the most precise of these 
methods since it does not rely on approximations. Thus, we will apply the transfer matrix method (TMM) on the 
biosensor to study the performance characteristics of the suggested multilayer structure for parallel polarisation 
light arriving from the top of the z-axis in the two-port model, such as reflectance. It was done so that we could 
learn more about these features. We apply the boundary conditions indicated in Eq. (9)42, resulting in the fol-
lowing matrix equation, representing the interrelationship between the tangential electric field and the magnetic 
field components at the first-layer boundary and the last-layer boundary, respectively.

E1 and EN-1 are electric field components, and H1 and HN-1 are magnetic field components for layers 1 and N, 
respectively. Equation (10) represents the further simplified T matrix43. To build the transfer matrix, it is neces-
sary to calculate the phase shift and admittance values for each layer using the formula presented in Eq. (11) 44.

where qm and βm are the admittance and phase shift of the mth layer, respectively, to determine these, it is neces-
sary to know specific parameters, such as nm, which stands for the refractive index of the mth layer, dm, which 
refers to the thickness of the mth layer, np, which stands for the refractive index of the prism, and in, which 
stands for the incident angle of the prism. For the N-layer surface plasmon sensor, it is necessary to consider the 
aggregate of these reflections when calculating total reflection because different reflections arise at the interface of 
each layer depending on the incoming light at the prism and the first layer. These reflections are dependent on one 
another. In the N-layer model, a P-polarized propagating wave through the successive layers can be characterized 
by the Transfer matrix, as given in Eq. (12). On further mathematical simplifications, the reflection coefficient 
for the p-polarized incident light in N-layer proposed biosensor is calculated as Eq. (13).

At last, the reflectance of the multilayer structure is expressed as Rp =
∣

∣rp
∣

∣

2
. We have numerically investi-

gated the proposed multi-layered structure using COMSOL multiphysics software. Initially, we set the height 
values of all the structures as 40 nm. The calculated reflectance values of the reflectance port for the differ-
ent refractive index values are shown in Fig. 2. Figure 2a shows the variation in the reflectance for the ana-
lyte–Ag–Si–HfO2–Si–GST–Si layered structure by considering the aGST as a phase of the GST for RI values of 1 
to 2.4. Similarly, Fig. 2b shows the calculated variation in the proposed structure’s reflectance for the cGST phase. 
In both figures, we have identified a total of 20 traces equation (P1–P20) of the minimum reflectance values. The 
notable wavelength shift on both phases of the GST material is also observed in the overall spectral response. 
The effect of the HfO2 layer on the overall reflectance spectrum for the RI values of 1 to 2.4 is also investigated 
and presented in Fig. 3a, b. Figure 3a shows the reflectance variation for the entire wavelength spectrum and 
refractive index spectrum for analyte–Ag–Si–GST–Si structure under aGST phased condition of GST material. 
Similarly, Fig. 3b shows the variation in the reflectance for the cGST phase conditions of GST material for ana-
lyte–Ag–Si–GST–Si layered structure. We have identified the total 18 reflectance traces (E1 to E18) for the specific 
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this equation to design the biosensor where the different refractive index analytes show different resonance peaks 
at different wavelength values. This sensor can be utilized in the creation of infrared biosensors for detecting 
ethanol, water, glucose, urine45, biotin-streptavidin, fibrinogen 46,47, and hemoglobin 46,47. The value of the refrac-
tive index of this biomolecule is majorly ranging from 1 to 1.7 depending on the concertation of the biomarkers.

The comparative analysis of different layered structures is shown in Fig. 4 for the HfO2–GST and only GST-
based structures. The change in reflectance for the calculated infrared spectrum for the HfO2–GST material 
structure is shown in Fig. 4a. Similarly, the reflectance structure for only the GST-based structure may be shown 
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Figure 2.   Reflectance response for the different (a) aGST phase and (b) cGST phase of the phase change 
material. The traces marked as P1 to P20 are the possible quadratic equation for identifying the sensitivity for the 
specific range of the refractive index and wavelength. The layered structure formed in this response is analyte–
Ag–Si–HfO2–Si–GST–Si.

Figure 3.   Calculated reflectance response for the (a) aGST phase and (b) cGST phase of GST in the absence of 
HfO2 material. The layered structure formed in this response is analyte–Ag–Si–GST–Si. In addition, a proposed 
quadratic equation for determining the sensitivity across a given range of refractive index and wavelength is 
shown by the E1–E18 traces.
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in Fig. 4b. The refractive index for this calculation is set as 2.1 for both plots. The detailed wavelength shift for 
both structures is shown in Figs. 5 and 6. We have highlighted the six wavelength shift plots for HfO2–GST 
structure and eight only GST-based structure. In HfO2–GST-based structure, the maximum wavelength shift 
of 100 nm is observed between 1.52 and 1.62 µm of the band, as shown in Fig. 5d. The minimum wavelength of 
1 nm is observed between 0.79 to 0.83 µm band of operation. Similarly, a maximum wavelength shift of 110 nm 
is observed between 1.25 to 1.4 µ of the wavelength spectrum for only the GST-based refractive index sensor, 
as shown in Fig. 6e. The minimum wavelength shift of 20 nm is observed between the 8.4 to 8.9 µm band, as 
shown in Fig. 6b. Overall it is observed that the change in the phase of the GST material (aGST–cGST) makes the 
overall wavelength shift over the calculated wavelength spectrum, which ultimately results in the tunability of the 
overall refractive index sensor. The temperature of the GST material can be controlled using an external thermal 
source, such as an integrated heater structure, to achieve the tunability of these photonics devices. The effect of 
various physical parameters on the reflectance behavior of the sensor is calculated and presented in Figs. 7 and 8. 
Figure 7a, b show the variation in reflectance for the different phases of the GST material and values of the GST 
height. It is identified that there is a significant dependency on the height of GST material. The varied scattered 
response in aGST phase is also observed for the different height values. The values of the silica and HfO2 are kept 
at 40 nm for this calculation. We can observe the positive and negative slope of the wavelength and GST height, 
as shown in Fig. 7b. The effect of GST height is more significant for the > 1.3 µm of the wavelength spectrum. The 
effect of the silica height on the refraction performance is shown in Fig. 7c, d. Figure 7c, d show the variation in 
reflection amplitude for aGST/cGST phase, respectively. The variation in Silica height allows us to choose the 
wafer for the development of the upper layer growth of GST/HfO2/Ag. Similarly, the effect of the HfO2 layer is 
shown in Fig. 7e, f for the aGST and cGST structure, respectively. In both silica and HfO2, the reflection values 
are majorly dependent on height due to the light trapping intensity by these layers.

The top Ag resonator will generate the dipole moment in the proposed refractive index sensor to trap the light. 
Figure 8a, b, respectively, indicate the influence on reflectance for the varied height values of the silver resonators 
for the aGST phase and the cGST phase of the material. In this response, it has been noticed that there are some 
subtle differences between the aGST phase and the cGST phase. While changes in height for individual phase 
also shows minor changes for these parameters. In some of the wavelength points, the resonating wavelength 
is not shifted much compared to other physical parameter changes. The effect of the oblique angle incident on 
the overall performance of the reflectance is shown in Fig. 8c, d. It is observed that the angle depended on the 
response for the specific resonating points. In Fig. 8c, the constant reflectance response is observed at 1.5 µm for 
the aGST phase of the GST material. Similarly, constant reflectance at 1.6 µm for the cGST phase of the material.

Figures 9 and 10 show the normalized electric field responsible for the aGST and cGST phases of the ana-
lyte–Ag–Si–HfO2–Si–GST–Si layered structure. These figures are simulated with the finite element method in 
COMSOL multiphysics software with periodic boundary mode analysis and port conditions. Figure 9 shows 
the resonating points at 0.84 µm, 0.94 µm, 1.125 µm, 1.373 µm, 1.52 µm, 1.82 µm, and 2.26 µm for the aGST 
phase. Similarly, Fig. 10 shows the different resonating points of 0.70 µm, 0.80 µm, 0.94 µm, 1.12 µm, 1.39 µm, 

Table 1.   Derived fitting equations for the different traces found in aGST and cGST phase of the proposed 
analyte–Ag–Si–HfO2–Si–GST–Si structure for different wavelength and refractive index ranges.

Design Trace
Wavelength 
range ( �inµm)

Refractive 
index (n) Fitting equation

 

E1 (0.72, 0.93) (1.91,2.38) � = −24.5264n3 + 63.7145n2 − 52.5753n+ 15.8852

E2 (0.78. 1.06) (1.76,2.40) � = −6.0189n3 + 15.0025n2 − 10.1467n+ 3.3914

E3 (0.73,1.21) (1.41, 2.38) � = −2.6547n3 + 8.4055n2 − 6.6480n+ 2.8008

E4 (0.69,1.31) (1.31, 2.38) � = 4.9489n3 − 13.3718n2 + 13.5039n− 3.5263

E5 (0.81,1.49) (1.01, 2.38) � = −27.9849n5 + 129.8418n4 − 225.8289n3 + 179.7946n2 − 60.5107n+ 5.9265

E6 (1.0,1.77) (1.03, 2.38) � = −117.3662�5 + 858.2018�4 − 2492.0735n3 + 3590.3699n2 − 2563.1039n+ 725.5755

E7 (1.26,2.05) (1.11, 2.38) � = −0.3495n3 + 2.5379n2 − 3.8442n+ 2.6359

E8 (1.54,2.5) (1, 2.36) � = −0.2061n3 + 0.7432n2 + 0.9396n− 1.5120

E9 (1.89,2.43) (1.01, 1.50) � = 0.6666n3 − 4.7387n2 + 12.0010n− 9.2353

 

E10 (0.70,0.94) (1.87, 2.40) � = −19.3064n3 + 50.1595n2 − 40.9114n+ 12.5501

E11 (0.71,1.06) (1.62, 2.40) � = −10.8119n3 + 30.1545n2 − 25.5130n+ 8.4103

E12 (0.86,1.23) (1.61, 2.40) � = −0.3250n3 + 1.1931n2 + 0.6615n+ 0.3679

E13 (0.69,1.40) (1.10, 2.38) � = −0.1467n3 + 1.0458n2 + 0.0935n+ 0.5689

E14 (0.82,1.35) (1, 1.79) � = 1.1638n3 − 3.2300n2 + 4.2928n− 0.9897

E15 (1.07,1.78) (1.01, 2.40) � = 95.3522n5 − 673.2390n4 + 1881.7529n3 − 2600.8871n2 + 1778.6185n− 480.8560

E16 (1.45,2.06) (1.27, 2.4) � = −3.3578n3 + 18.3768n2 − 31.3586n+ 18.3599

E17 (1.60,2.46) (1.01,2.20) � = 0.2730n3 − 2.4724n2 + 8.0646n− 6.7459

E18 (1.84,2.45) (1.01,1.49) � = −0.0147n3 − 0.2512n2 + 2.1507n− 2.0526
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Table 2.   Derived fitting equations for the different traces found in aGST and cGST phase of the proposed 
analyte – Ag – Si – GST – Si structure for a specific range of wavelength and refractive index range.

 

P1 (0.71, 0.79) (2.19, 2.40) � = 196.4835n3 − 446.6786n2 + 340.7917n− 84.9474

P2 (0.70, 0.88) (1.91, 2.40) � = 12.5837n3 − 26.1819n2 + 20.3121n− 3.7931

P3 (0.72, 1.00) (1.70, 2.40) � = 0.6853n3 − 1.6957n2 + 3.9065n− 0.4966

P4 (0.70, 1.17) (1.41, 2.40) � = −0.6806n3 + 1.9507n2 + 0.3151n+ 0.4486

P5 (0.74, 1.38) (1.20, 2.40) � = 0.3521n3 − 1.0162n2 + 2.7789n− 0.4368

P6 (1.03, 1.73) (1.01, 2.40) � = −2.1064n5 − 14.1197n4 + 115.1238n3 − 254.6902n2 + 234.1985n− 77.5072

P7 (0.76, 1.52) (1.02,  2.38) � = 2.9695n3 − 9.1534n2 + 10.6643� − 3.1543

P8 (1.37, 2.14) (1, 2.38) � = 3.0272n3 − 16.9972n2 + 33.1601n− 20.3804

P9 (1.55, 2.49) (1.02, 2.2) � = −0.0377n3 + 0.3166n2 + 0.4347n− 0.2800

P10 (2.05, 2.47) (1.02, 1.39) � = −2.7129n3 + 18.5592n2 − 41.3140n+ 31.0885

 

P11 (0.71, 0.78) (2.21, 2.39) � = −467.7488n3 + 1034.3394n2 − 758.9448n+ 187.0490

P12 (0.7, 0.78) (1.92, 2.39) � = −2.6489n3 + 8.2162n2 − 5.3892n+ 2.5737

P13 (0.72, 1) (1.69, 2.39) � = −2.1243n3 + 5.0438n2 − 1.4500n+ 0.9103

P14 (0.71, 1.17) (1.40, 2.39) � = 0.8281n3 − 2.1708n2 + 3.9809n− 0.6176

P15 (0.73, 1.4) (1.19, 2.4) � = −0.0900n3 + 0.3298n2 + 1.4211n+ 0.0151

P16 (0.76, 1.63) (1, 2.4) � = 0.3764n3 − 1.0674n2 + 2.4064n− 0.3860

P17 (1, 1.74) (1.1, 2.4) � = −634.9904n7 + 5641.9155n6 − 21254.9414n5 + 43995.1875n4

−54010.3568n3 + 39302.6521n2 − 15684.9115n+ 2646.4393
P18 (1.41, 2.1) (1, 2.38) � = −42.6147n5 + 404.5183n4 − 1525.9334n3 + 2857.4420n2 − 2652.6913n+ 976.6201

P19 (1.65, 2.47) (1.09, 2.1) � = 0.1174n3 − 0.8905n2 + 3.3921n− 2.6149

P20 (2.1, 2.5) (1, 1.4) � = 2.5618n3 − 16.9260n2 + 38.0244n− 27.9003

1.62 µm, 1.82 µm, and 2.295 µm for cGST phase of the material. The effect of the normalized electric field 
interference differs for the different points. The energy concentration for the different layered structures differs 
for specific resonating peaks. In all the cases, the top Ag layer worked as resonating dipole to trap the specific 
wavelength, which will differ depending on the analyte placed on the top of the structure. We have identified 
the fitting curves for the proposed refractive index sensors for all the equation traces P1–P20 and E1–E18. The 
comparative curve of the equation and its tracing curve are shown in Figs. 11 and 12 for the aGST and cGST 
phases of the Analyte–Ag–Si–GST–Si layered structure. Similarly, Figs. 13 and 14 for the aGST and cGST phases 
of analyte–Ag–Si–HfO2–Si–GST–Si layered structure. It is identified that all the calculated curve equations are 
fitted with the trace points of reflectance values over the specific range of the wavelength and refractive index.

Refractive indices of the different biomolecules are considered from the reference database provided in 47–51. 
As per the previously published literature, the refractive indices of water, ethanol, blood plasma, urine, glucose, 
hemoglobin, biotin, saliva, and sweat range from 1 to 2.5. The resonant wavelengths are those that provide maxi-
mum transmittance i.e. resonance peaks. The essential concept of sensing for a RI sensor is that if the refractive 
index or any of the spatial dimensions of the sensor change, the resonant wavelengths will shift to a longer or 
shorter wavelength region, leading to the identification of the unknown material. The detection of an unknown 
analyte using SPR biosensors can also be performed based on changes in the wavelength of reflected light rather 
than the angle of incidence. Here are the steps involved in this method:

(a)	 Preparation of the sensing surface: a thin metal film or grating is deposited on a glass or quartz substrate, 
and a linker molecule is attached to the metal surface. The linker molecule can immobilize a specific recep-
tor, such as an antibody, that selectively binds to the analyte of interest.

(b)	 Introduction of the unknown analyte: the sample containing the unknown analyte is introduced to the 
sensing surface. The analyte can interact with the receptor and cause a change in the refractive index of the 
sensing surface.

(c)	 Measurement of the reflected light spectrum: a broadband light source is used to illuminate the sensing 
surface, and the spectrum of reflected light is measured using a spectrometer. The reflected light spectrum 
contains a characteristic dip, called the plasmon dip, at a specific wavelength.

(d)	 Detection of the analyte: as the refractive index of the sensing surface changes due to the interaction with 
the analyte, the wavelength of the plasmon dip shifts. The amount of shift is proportional to the change in 
the refractive index of the sensing surface, which in turn depends on the concentration of the analyte.
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(e)	 Quantification of the analyte: the concentration of the analyte can be determined by comparing the meas-
ured shift in the wavelength of the plasmon dip to a calibration curve obtained using known concentrations 
of the analyte.

(f)	 Overall, detecting an unknown analyte using SPR biosensors based on changes in the wavelength of 
reflected light involves measuring the shift in the wavelength of the plasmon dip as the refractive index of 
the sensing surface changes due to the interaction with the analyte. The concentration of the analyte can 
be determined by comparing the measured shift to a calibration curve 45–48,52,53.

We can also identify the value of the sensitivity of the refractive index sensor proposed in these equation 
traces by applying the differential formula of S = d�/dn . We can identify from the different trace equations that 
the curve’s slope is primarily affected by the sensitivity variation. In a linear curve, the sensitivity variation is 
constant at the overall range, as observed in various curves (for example, P12, P14, P15). The abrupt sensitivity 
variation can be observed for curves like P6, P17, and P18. A similar sensitivity variation can be observed in the 
E1 to E18 curve. The sensitivity variation in the E6 curve ranges between 132 and 1240 nm/RIU. The sensitivity 
variation is slight at the abrupt change between 1.2 and 1.3 µm of the wavelength, which is 132 nm/RIU. In other 
ranges, the sensitivity is higher where the linear changes between refractive index and wavelength values. This 
research enables us to choose the operational refractive index range for specific biomolecule samples, and This 
is because the range of RI values that we may pick from is expanded. The planned structure may also be fine-
tuned with the help of the two separate phases of the GST material, referred to as aGST and cGST. Both of these 
phases are sensitive to fluctuations in temperature. Equations are built by exploiting the structure’s adjustable 
behavior to compute the structure’s global reflectance. It is possible to alter the behaviour of the overall refrac-
tive index sensor.

Conclusion
We have shown the results of numerical studies of a phase transition material and a HfO2-based visible and 
infrared wavelength-operated refractive index sensor for a wide range of biomolecule detection. Three different 
layered designs are explored to learn more about the suggested architecture; each has layers of supplementary 
materials such as HfO2, GST, silver, and silica. We calculated the multilayer structure’s reflectance response using a 
refractive index spectrum from 1.2 to 2.4. Furthermore, we have looked at how the height of the various materials 
affects the performance of the construction as a whole. We have presented the effect of the different materials with 
their height parameters to identify the optimized performance of the sensor. We have calculated various resonant 
trace equations using different resonating points, wavelength points, and refractive index values that may be 
used to determine the sensing behaviour for a particular wavelength range and refractive index values. These 
equations can be found in our article. We have created a total of 20 equations in analyte–Ag–Si–HfO2–Si–GST–Si 

Figure 4.   Comparative analysis of the reflectance response generated (a) with HfO2 and (b) without HfO2 
layer-based SPR refractive index sensor. The variation in both layered structures is shown for the phase change 
material’s two phases (aGST/cGST).
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layered structure to assist in determining the behaviour of the proposed sensor over a specific range of refrac-
tive index and wavelength spectrum. We have also calculated that we have created 18 equations in the ana-
lyte–Ag–Si–GST–Si layered structure. The temperature can bring about transitions between aGST and cGST 
phases of the GST material, which may then be used to fine-tune the suggested structure. A biosensor capable 
of detecting a large variety of biomolecules can be built with the help of the recommended structure. These 
biomolecules can be seen in glucose, cholesterol, hemoglobin, urine, and salivary cortisol.

Figure 5.   (a–f) Comparative plots to identify the wavelength shift while the phase change material will change 
its state from amorphous to crystalline (aGST to cGST). The response is presented for the specific range of the 
wavelength where the reflectance values are minimum. The response is generated for the structure with layers of 
SPR structure as analyte–Ag–Si–HfO2–Si–GST–Si.
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Figure 6.   (a–h) Comparative plots to identify the wavelength shift while the phase change material will change 
its state from amorphous to crystalline (aGST to cGST). The response is presented for the specific range of the 
wavelength where the reflectance values are minimum. The response is generated for the structure with layers of 
SPR structure as analyte–Ag–Si–GST–Si.



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7698  | https://doi.org/10.1038/s41598-023-34817-1

www.nature.com/scientificreports/

Figure 7.   Calculated reflectance response for the different heights of material layers. Reflectance variation for 
different height values of the (a) GST, (c) silica, and (e) HfO2 for the aGST phase of the phase change material. 
Reflectance variation for different height values of the (b) GST, (d) silica, and (f) HfO2 for the cGST phase of the 
phase change material.
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Figure 8.   Calculated reflectance response for the different values of the resonator height (hAg) for (a) aGST 
and (b) cGST phase of the GST material. The effect in the reflectance while a change in the incident angle of the 
input waves for (a) aGST and (b) cGST of the phase change material.

Figure 9.   Changes in the electric field component Ez for the different reflectance dips of the aGST phase of the 
proposed SPR sensor. The value of the refractive index is considered 1.34.
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Figure 10.   Changes in the electric field component Ez for the different reflectance dips of the cGST phase of the 
proposed SPR sensor. The value of the refractive index is considered 1.34.

Figure 11.   Calculated quadratic fitting curve for the equation (a–i) E1–E9 derived for changes in resonating 
wavelength peak and its associated refractive index for aGST phase of the material. The multi-layered structure 
formed in this response is analyte–Ag–Si–GST–Si.
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Figure 12.   Calculated quadratic fitting curve for the equation (a–i) E10–E98 derived for changes in resonating 
wavelength peak and its associated refractive index for the cGST phase of the material. The multi-layered 
structure formed in this response is analyte–Ag–Si–GST–Si.
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Figure 13.   Calculated quadratic fitting curve for the equation (a–i) P1–P10 E98 derived for changes in resonating 
wavelength peak and its associated refractive index for aGST phase of the material. The multi-layered structure 
formed in this response is analyte–Ag–Si–HfO2–Si–GST–Si.



17

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7698  | https://doi.org/10.1038/s41598-023-34817-1

www.nature.com/scientificreports/

Data availability
Data available based upon reasonable request from corresponding author.

Received: 5 February 2023; Accepted: 8 May 2023

References
	 1.	 Brighton, S.W. Chikungunya virus infections. S. Afr. Med. J. 59(16), 552 (1981). http://​www.​ncbi.​nlm.​nih.​gov/​pubmed/​72217​58. 

Accessed 01 Sep 2022 (2022).
	 2.	 Kushwaha, A. S., Kumar, A., Kumar, R., Srivastava, M. & Srivastava, S. K. Zinc oxide, gold and graphene-based surface plasmon 

resonance (SPR) biosensor for detection of pseudomonas like bacteria: A comparative study. Optik (Stuttg) 172, 697–707. https://​
doi.​org/​10.​1016/j.​ijleo.​2018.​07.​066 (2018).

	 3.	 Afroozeh, A. Sensing enhancement of nanostructure surface plasmon resonance in optical fiber ring resonator. Opt. Quantum 
Electron. https://​doi.​org/​10.​1007/​s11082-​021-​03345-5 (2021).

	 4.	 Babaei, E., Sharifi, Z. & Gordon, R. Improving sensitivity of existing surface plasmon resonance systems with grating-coupled 
short-range surface plasmons. J. Opt. Soc. Am. B 36(8), F144. https://​doi.​org/​10.​1364/​josab.​36.​00f144 (2019).

	 5.	 Masson, J. F. Surface plasmon resonance clinical biosensors for medical diagnostics. ACS Sensors (American Chemical Society) 
2(1), 16–30. https://​doi.​org/​10.​1021/​acsse​nsors.​6b007​63 (2017).

	 6.	 Taya, S. A., Al-Ashi, N. E., Ramahi, O. M., Colak, I. & Amiri, I. S. Surface plasmon resonance-based optical sensor using a thin 
layer of plasma. J. Opt. Soc. Am. B 38(8), 2362. https://​doi.​org/​10.​1364/​josab.​420129 (2021).

	 7.	 Sohrabi, F. & Hamidi, S. M. Neuroplasmonics: From Kretschmann configuration to plasmonic crystals. Eur. Phys. J. Plus (Springer) 
131(7), 221. https://​doi.​org/​10.​1140/​epjp/​i2016-​16221-5 (2016).

	 8.	 Fen, Y. W., Yunus, W. M. M. & Talib, Z. A. Real-time monitoring of lead ion interaction on gold/chitosan surface using surface 
plasmon resonance spectroscopy. Indian J. Phys. 86(7), 619–623. https://​doi.​org/​10.​1007/​s12648-​012-​0082-6 (2012).

	 9.	 Prajapati, Y. K., Pal, S. & Saini, J. P. Effect of a metamaterial and silicon layers on performance of surface plasmon resonance 
biosensor in infrared range. SILICON 10(4), 1451–1460. https://​doi.​org/​10.​1007/​s12633-​017-​9625-y (2018).

	10.	 Kumar, R., Pal, S., Prajapati, Y. K. & Saini, J. P. Sensitivity enhancement of MXene based SPR sensor using silicon: Theoretical 
analysis. SILICON 13(6), 1887–1894. https://​doi.​org/​10.​1007/​s12633-​020-​00558-3 (2021).

Figure 14.   Calculated quadratic fitting curve for the equation (a–i) P11–P20 E98 derived for changes in 
resonating wavelength peak and its associated refractive index for the cGST phase of the material. The multi-
layered structure formed in this response is analyte–Ag–Si–HfO2–Si–GST–Si.

http://www.ncbi.nlm.nih.gov/pubmed/7221758
https://doi.org/10.1016/j.ijleo.2018.07.066
https://doi.org/10.1016/j.ijleo.2018.07.066
https://doi.org/10.1007/s11082-021-03345-5
https://doi.org/10.1364/josab.36.00f144
https://doi.org/10.1021/acssensors.6b00763
https://doi.org/10.1364/josab.420129
https://doi.org/10.1140/epjp/i2016-16221-5
https://doi.org/10.1007/s12648-012-0082-6
https://doi.org/10.1007/s12633-017-9625-y
https://doi.org/10.1007/s12633-020-00558-3


18

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7698  | https://doi.org/10.1038/s41598-023-34817-1

www.nature.com/scientificreports/

	11.	 Yamamoto, M. Surface plasmon resonance (SPR) theory: Tutorial. Rev. Polarogr. 48(3), 209–237. https://​doi.​org/​10.​5189/​revpo​
larog​raphy.​48.​209 (2002).

	12.	 Xia, G. et al. Sensitivity enhancement of two-dimensional materials based on genetic optimization in surface plasmon resonance. 
Sensors (Switzerland) 19(5), 1198. https://​doi.​org/​10.​3390/​s1905​1198 (2019).

	13.	 Lahav, A., Auslender, M. & Abdulhalim, I. Sensitivity enhancement of guided-wave surface-plasmon resonance sensors. Opt. Lett. 
33(21), 2539. https://​doi.​org/​10.​1364/​ol.​33.​002539 (2008).

	14.	 Schasfoort, R.B.M. Chapter 1. Introduction to surface plasmon resonance. in Handbook of Surface Plasmon Resonance. 1–26. 
https://​doi.​org/​10.​1039/​97817​88010​283-​00001 (Royal Society of Chemistry, 2017).

	15.	 Piliarik, M. & Homola, J. Surface plasmon resonance (SPR) sensors: approaching their limits?. Opt. Express 17(19), 16505. https://​
doi.​org/​10.​1364/​oe.​17.​016505 (2009).

	16.	 Guo, Z. et al. Active-tuning and polarization-independent absorber and sensor in the infrared region based on the phase change 
material of Ge2Sb2Te5 (GST). Sci. Rep. https://​doi.​org/​10.​1038/​s41598-​018-​30550-2 (2018).

	17.	 Wei, M., Song, Z., Deng, Y., Liu, Y. & Chen, Q. Large-angle mid-infrared absorption switch enabled by polarization-independent 
GST metasurfaces. Mater. Lett. 236, 350–353. https://​doi.​org/​10.​1016/j.​matlet.​2018.​10.​136 (2019).

	18.	 Gerislioglu, B. et al. The role of Ge2Sb2Te5 in enhancing the performance of functional plasmonic devices. Mater. Today Phys. 
https://​doi.​org/​10.​1016/j.​mtphys.​2020.​100178 (2020).

	19.	 Song, W. D., Shi, L. P., Miao, X. S. & Chong, C. T. Synthesis and characteristics of a phase-change magnetic material. Adv. Mater. 
20(12), 2394–2397. https://​doi.​org/​10.​1002/​adma.​20070​2282 (2008).

	20.	 Hutsell, S. Q., Kimple, R. J., Siderovski, D. P., Willard, F. S. & Kimple, A. J. High-affinity immobilization of proteins using biotin- 
and GST-based coupling strategies. Methods Mol. Biol. 627, 75–90. https://​doi.​org/​10.​1007/​978-1-​60761-​670-2_4 (2010).

	21.	 Zhang, L., Wang, Y., Zhou, L. & Chen, F. Tunable perfect absorber based on gold grating including phase-changing material in 
visible range. Appl. Phys. A Mater. Sci. Process. 125(5), 1–7. https://​doi.​org/​10.​1007/​s00339-​019-​2669-7 (2019).

	22.	 Wang, J. Electrochemical biosensors: Towards point-of-care cancer diagnostics. Biosens. Bioelectron. 21(10), 1887–1892. https://​
doi.​org/​10.​1016/j.​bios.​2005.​10.​027 (2006).

	23.	 Castellarnau, M. et al. Integrated cell positioning and cell-based ISFET biosensors. Sensors Actuators B Chem. 120(2), 615–620. 
https://​doi.​org/​10.​1016/j.​snb.​2006.​01.​057 (2007).

	24.	 Rafí, J. M., Zabala, M., Beldarrain, O. & Campabadal, F. Effect of processing conditions on the electrical characteristics of atomic 
layer deposited Al2O3 and HfO2 films. ECS Trans. 28(2), 213–221. https://​doi.​org/​10.​1149/1.​33725​77 (2010).

	25.	 Campabadal, F. et al. Electrical characteristics of metal-insulator-semiconductor structures with atomic layer deposited Al2O3, 
HfO2, and nanolaminates on different silicon substrates. J. Vac. Sci. Technol. B Nanotechnol. Microelectron. Mater. Process. Meas. 
Phenom. 29(1), 01AA07. https://​doi.​org/​10.​1116/1.​35325​44 (2011).

	26.	 Wilk, G. D., Wallace, R. M. & Anthony, J. M. High-κ gate dielectrics: Current status and materials properties considerations. J. 
Appl. Phys. 89(10), 5243–5275. https://​doi.​org/​10.​1063/1.​13610​65 (2001).

	27.	 Kang, J. F. et al. Thermal stability of nitrogen incorporated in HfNxOy gate dielectrics prepared by reactive sputtering. Appl. Phys. 
Lett. 84(9), 1588–1590. https://​doi.​org/​10.​1063/1.​16516​52 (2004).

	28.	 Chen, Y. W., Liu, M., Kaneko, T. & McIntyre, P. C. Atomic layer deposited hafnium oxide gate dielectrics for charge-based biosen-
sors. Electrochem. Solid-State Lett. 13(3), G29. https://​doi.​org/​10.​1149/1.​32802​24 (2010).

	29.	 Zhao, X. & Vanderbilt, D. First-principles study of structural, vibrational, and lattice dielectric properties of hafnium oxide. Phys. 
Rev. B Condens. Matter Mater. Phys. 65(23), 1–4. https://​doi.​org/​10.​1103/​PhysR​evB.​65.​233106 (2002).

	30.	 Coey, J. M. D., Venkatesan, M., Stamenov, P., Fitzgerald, C. B. & Dorneles, L. S. Magnetism in hafnium dioxide. Phys. Rev. B Con-
dens. Matter Mater. Phys. 72(2), 3–4. https://​doi.​org/​10.​1103/​PhysR​evB.​72.​024450 (2005).

	31.	 Alam, M. K. et al. Bismuth telluride, graphene, and silver based surface plasmon resonance biosensor for dental application. Opt. 
Quantum Electron. 55(5), 1–15. https://​doi.​org/​10.​1007/​s11082-​023-​04703-1 (2023).

	32.	 Nejat, M. & Nozhat, N. Multi-band MIM refractive index biosensor based on Ag-air grating with equivalent circuit and T-matrix 
methods in near-infrared region. Sci. Rep. 10(1), 1–12. https://​doi.​org/​10.​1038/​s41598-​020-​63459-w (2020).

	33.	 Pühringer, G. et al. Design of a slab tamm plasmon resonator coupled to a multistrip array waveguide for the mid infrared. Sensors 
22(8), 1–11. https://​doi.​org/​10.​3390/​s2208​2968 (2022).

	34.	 David, J.J. Classical Electrodynamic. https://​doi.​org/​10.​1142/​97898​14383​370_​0001 (University of California, 1998).
	35.	 E. Wijaya et al. Surface Plasmon Resonance-Based Biosensors: From the Development of Different SPR Structures to Novel Surface 

Functionalization Strategies. Vol. 15(5). 208−224. https://​doi.​org/​10.​1016/j.​cossms.​2011.​05.​001 (Elsevier Ltd, 2011).
	36.	 Djuris, A.B., Elazar, J.M., & Majewski, M.L. Optical Properties of Metallic Films for Vertical-Cavity Optoelectronic Devices. Vol. 

37(22). 5271–5283 (1998).
	37.	 Li, Y. Plasmonic optics: Theory and applications. Plasmonic Opt. Theory Appl. https://​doi.​org/​10.​1117/3.​22637​57 (2017).
	38.	 Jha, R. & Sharma, A. K. Chalcogenide glass prism based SPR sensor with Ag-Au bimetallic nanoparticle alloy in infrared wavelength 

region. J. Opt. A Pure Appl. Opt. 11(4), 045502. https://​doi.​org/​10.​1088/​1464-​4258/​11/4/​045502 (2009).
	39.	 M. D. E. Ficha et al. Confederación Regional De Organizaciones Empresariales De Murcia (Croem). Vol. 24(24). 1–4 (1985).
	40.	 Johnson, P. B. & Christy, R. W. Optical constant of the nobel metals. Phys. Rev. B 6(12), 4370–4379 (1972).
	41.	 Shportko, K. et al. Resonant bonding in crystalline phase-change materials. Nat. Mater. 7(8), 653–658. https://​doi.​org/​10.​1038/​

nmat2​226 (2008).
	42.	 Saifur Rahman, M., Rikta, K. A., Bin Bashar, L. & Anower, M. S. Numerical analysis of graphene coated surface plasmon resonance 

biosensors for biomedical applications. Optik (Stuttg) 156, 384–390. https://​doi.​org/​10.​1016/j.​ijleo.​2017.​11.​057 (2018).
	43.	 Panda, A., Pukhrambam, P. D. & Keiser, G. Performance analysis of graphene-based surface plasmon resonance biosensor for blood 

glucose and gas detection. Appl. Phys. A Mater. Sci. Process. 126(3), 1–12. https://​doi.​org/​10.​1007/​s00339-​020-​3328-8 (2020).
	44.	 Fouad, S., Sabri, N., Jamal, Z. A. Z. & Poopalan, P. Surface plasmon resonance sensor sensitivity enhancement using gold-dielectric 

material. Int. J. Nanoelectron. Mater. 10(2), 147–156. https://​doi.​org/​10.​56053/2.​3.​115 (2017).
	45.	 Hassan, M.F., Tathfif, I., Radoan, M. & Sagor, R.H. A concentric double-ring resonator based plasmonic refractive index sensor 

with glucose sensing capability. in IEEE Region 10 Annual International Conference, Proceedings/TENCON, Nov 2020. Vol. 2020. 
91–96. https://​doi.​org/​10.​1109/​TENCO​N50793.​2020.​92939​01 (2020).

	46.	 Rakhshani, M. R. & Mansouri-Birjandi, M. A. High sensitivity plasmonic refractive index sensing and its application for human 
blood group identification. Sens. Actuators B Chem. 249, 168–176. https://​doi.​org/​10.​1016/j.​snb.​2017.​04.​064 (2017).

	47.	 Rakhshani, M. R. & Mansouri-Birjandi, M. A. A high-sensitivity sensor based on three-dimensional metal–insulator–metal race-
track resonator and application for hemoglobin detection. Photon. Nanostruct. Fundam. Appl. 32, 28–34. https://​doi.​org/​10.​1016/j.​
photo​nics.​2018.​08.​002 (2018).

	48.	 Rashid, K. S., Hassan, M. F., Yaseer, A. A., Tathfif, I. & Sagor, R. H. Gas-sensing and label-free detection of biomaterials employing 
multiple rings structured plasmonic nanosensor. Sens. Bio-Sens. Res. 33, 100440. https://​doi.​org/​10.​1016/j.​sbsr.​2021.​100440 (2021).

	49.	 Yahya, M. & Saghir, M. Z. Empirical modelling to predict the refractive index of human blood. Phys. Med. Biol. 61(4), 1405–1415. 
https://​doi.​org/​10.​1088/​0031-​9155/​61/4/​1405 (2016).

	50.	 Zhernovaya, O., Sydoruk, O., Tuchin, V. & Douplik, A. The refractive index of human hemoglobin in the visible range. Phys. Med. 
Biol. 56(13), 4013–4021. https://​doi.​org/​10.​1088/​0031-​9155/​56/​13/​017 (2011).

	51.	 El-Zaiat, S. Y. Interferometric determination of refraction and dispersion of human blood-serum, saliva, sweat and urine. Opt. 
Laser Technol. 35(1), 55–60. https://​doi.​org/​10.​1016/​S0030-​3992(02)​00144-5 (2003).

https://doi.org/10.5189/revpolarography.48.209
https://doi.org/10.5189/revpolarography.48.209
https://doi.org/10.3390/s19051198
https://doi.org/10.1364/ol.33.002539
https://doi.org/10.1039/9781788010283-00001
https://doi.org/10.1364/oe.17.016505
https://doi.org/10.1364/oe.17.016505
https://doi.org/10.1038/s41598-018-30550-2
https://doi.org/10.1016/j.matlet.2018.10.136
https://doi.org/10.1016/j.mtphys.2020.100178
https://doi.org/10.1002/adma.200702282
https://doi.org/10.1007/978-1-60761-670-2_4
https://doi.org/10.1007/s00339-019-2669-7
https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.1016/j.snb.2006.01.057
https://doi.org/10.1149/1.3372577
https://doi.org/10.1116/1.3532544
https://doi.org/10.1063/1.1361065
https://doi.org/10.1063/1.1651652
https://doi.org/10.1149/1.3280224
https://doi.org/10.1103/PhysRevB.65.233106
https://doi.org/10.1103/PhysRevB.72.024450
https://doi.org/10.1007/s11082-023-04703-1
https://doi.org/10.1038/s41598-020-63459-w
https://doi.org/10.3390/s22082968
https://doi.org/10.1142/9789814383370_0001
https://doi.org/10.1016/j.cossms.2011.05.001
https://doi.org/10.1117/3.2263757
https://doi.org/10.1088/1464-4258/11/4/045502
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1016/j.ijleo.2017.11.057
https://doi.org/10.1007/s00339-020-3328-8
https://doi.org/10.56053/2.3.115
https://doi.org/10.1109/TENCON50793.2020.9293901
https://doi.org/10.1016/j.snb.2017.04.064
https://doi.org/10.1016/j.photonics.2018.08.002
https://doi.org/10.1016/j.photonics.2018.08.002
https://doi.org/10.1016/j.sbsr.2021.100440
https://doi.org/10.1088/0031-9155/61/4/1405
https://doi.org/10.1088/0031-9155/56/13/017
https://doi.org/10.1016/S0030-3992(02)00144-5


19

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7698  | https://doi.org/10.1038/s41598-023-34817-1

www.nature.com/scientificreports/

	52.	 Rakhshani, M. R. Three-dimensional polarization-insensitive perfect absorber using nanorods array for sensing and imaging. 
IEEE Sens. J. 20(23), 14166–14172. https://​doi.​org/​10.​1109/​JSEN.​2020.​30084​89 (2020).

	53.	 Amoosoltani, N., Mehrabi, K., Zarifkar, A., Farmani, A. & Yasrebi, N. Double-ring resonator plasmonic refractive index sensor 
utilizing dual-band unidirectional reflectionless propagation effect. Plasmonics 16(4), 1277–1285. https://​doi.​org/​10.​1007/​s11468-​
021-​01395-9 (2021).

Author contributions
Conceptualization, K.A., A.A. and V.S.; methodology M.A., A.A., V.S., K.D.; software, validation, formal analy-
sis, investigation, and writing—original draft preparation K.A., V.S.; writing—review and editing., V.S., K.D.; 
supervision, A.A. and V.S.; project administration, M.A., A.A.; funding acquisition, A.A. All authors have read 
and agreed to the published version of the manuscript.

Funding
The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in 
Saudi Arabia for funding this research work through the project number 223202.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.A. or A.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1109/JSEN.2020.3008489
https://doi.org/10.1007/s11468-021-01395-9
https://doi.org/10.1007/s11468-021-01395-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Numerical analysis of hafnium oxide and phase change material-based multi-layered infrared and visible frequency sensor for biomolecules sensing application
	Multi-layered refractive index structure. 
	Resonance condition. 
	Numerical analysis of the proposed biosensor. 
	Conclusion
	References


