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Abstract: Surface plasmon resonance (SPR) sensors have been widely considered for their sensitivity, accuracy, and 

appropriate response speed. This article simulates and analyzes the effects of phosphorene nanotubes (PNTs) layer with 

various diameters and rolling directions on the structure of SPR biosensor in the Lumerical software environment. The 

main structure is based on the structure of Kretschmann and the use of the BK7 prism, a gold (Au) layer, and the end 

layer of phosphorene nanotubes. The proposed SPR biosensor reflectance curves are obtained, analyzed, and compared 

for various modes of refractive index n = 1.33 and 1.339, resembling a neutral watery medium and a bacterial medium, 

respectively. The results show that the minimum reflection is achieved for 30 nm Au at an SPR resonance angle of θ = 

71.59° while by adding phosphorene nanotubes, it is observed that at a diameter of 10.08 A and an armchair rolling 

direction, the configuration on the Au layer becomes favorable. The minimum reflectance of 0.199 is observed for the 

armchair phosphorene nanotubes (10.08A) layer over 30 nm Au. The combination also provides a sensitivity of 152°/RIU 

for Δn = 0.009 with a high detection accuracy of 0.079. The results demonstrate that the layer of phosphorene nanotubes 

has a positive effect on SPR biosensors, and it can be used as a controlling factor in SPR biosensors. 
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1. INTRODUCTION 

Surface plasmon resonance (SPR) is a label-free 

detection method that has emerged over the past two decades 

as an appropriate and reliable platform in clinical analysis for 

biomolecular interactions. The technique can measure 

interactions in real-time with high sensitivity and without the 

need for labels. SPR sensors are one of several kinds of 

optical sensors that measure a variety of biological and 

chemical parameters according to the interaction between the 

sample environment and the sensor surface [1-2]. To excite 

surface plasma at the metal-dielectric interface, the electrons 

of the metal conduction band must be able to resonate with 

radiated light on the surface at a given wavelength [3]. There 

are common methods for exciting surface plasmons, 

including prism coupling and diffraction grating coupling [1, 

4]. The prism coupling is introduced using two different 

structures, i.e., Krishmann and Otto [5]. 

In SPR-based biosensors, gold or silver is typically 

coated directly on the prism to separate the sensor medium 

and prism. Gold is used as one of the most appropriate 

materials because of its great resistance to oxidation and its 

high chemical stability. 

However, the capacity of biomolecules to interact with 

gold is weak, thereby reducing the sensitivity of the sensor. 

To solve this problem, recent research on biosensor structure 

has used one or more layers of graphene because of its high 

surface-volume ratio, high electrical mobility, and stability of 

its atomic structure [3]. However, it does not act as a 

semiconductor due to the inadequate bandgap in its electronic 

structure [6]. This deficiency inhibits its use in many 

applications, including optoelectronics. 

Transition metal dichalcogenides (TMDCs), another 

important member of the 2D material family, have also 

generated interest among scientists. Molybdenum disulfide 

(MoS2), the most common TMDCs [7], has a perceptible band 
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gap, allowing the conversion of electrons into light photons 

and resulting in extraordinary on/off ratios. However, the 

MoS2 sandwich structure the mobility of the charge carrier 

[8]. 

It seems that phosphorene can be a good alternative 

because it does not have any of the disadvantages of graphene 

and TMDCs. Black phosphorus (PB), one of the three main 

phosphorus allotropes, is the most thermodynamically stable 

relative to its red and white counterparts. An extraordinary 

property of black phosphorus is its high mobility [9-13], 

which is responsible for most of BP's unique electronic 

properties. Previous studies have shown that low-layer BP 

has great mobility, ranging from 600 cm2/V.s to 1000 cm2/V.s 

at room temperature [10-12, 14], which makes it possible to 

apply BP in electrode materials. 

In addition, another remarkable property of BP is its 

direct and tunable bandwidth in single and multi-layer forms 

[10, 11], making BP an ideal semiconductor for potential 

applications in extraordinary light emission and effective 

photoelectric conversion. In addition, because of the low 

bandgap assigned to the significant excitation binding energy, 

p-type and n-type configurations can be set in BP to meet the 

broad range of demands in optoelectric devices, including 

tubular devices. BP's thin films have received scientific 

attention from all over the world. The puckered structure 

provides the BP with anisotropy in the plane, resulting in its 

thermal conductivity [19] and transportation anisotropy 

dependent on the single angle [15], particularly in the 

mobility of carriers [16, 17]. 

According to the specific properties of black phosphorus, 

the features of BP nanotubes have attracted more attention 

[18-20], such as carbon nanotubes. In comparison, research 

on BP tubes is limited. However, the urgent demand for 

tubular electronics highlights the importance of research on 

BP tubes, particularly for their electronic and optical 

properties. Due to the anisotropy of BP, the rolling direction 

of BP nanotubes is a decisive factor in their electrical 

properties. 

 
Fig. 1: A schematic diagram of the construction of BP 

nanotubes [21]. 

In addition, BP nanotubes' bandgap and optical 

properties can be modulated by their diameter. Therefore, we 

systematically investigated the properties of BP nanotubes 

with two different rolling directions and different radii. 

Similar to graphene, bulk black phosphorus is a stratified 

material with atomic layers superimposed by van der Waals 

interactions. Fig. 1 shows the structure of BP in various side 

views and a flow chart for the construction of PB nanotubes. 

Based on the puckered structure of BP, BP nanotubes are 

separately rolled vertically to the zigzag or armchair direction 

to construct the nanotubes known as armchair phosphorene 

nanotubes (aPNTs) (Fig. 1) and zigzag phosphorene 

nanotubes (zPNTs). Based on BP's pleated structure, BP 

nanotubes are separately rolled vertically to the zigzag 

direction or armchair to construct the nanotubes accordingly 

[21]. 

In addition to the rolling direction factor, the curve radius 

was also taken into account. As a result, BP nanotubes were 

constructed with different radii of 5.2 A, 7.3 A, 10.06 A, and 

11.5 A to analyze the effect of bending stress energy on 

electronic and optical properties. The radius values are 

consistent with the median circles of the models, and non-

internal values have been chosen to ensure the integrity of the 

atomic periodicity of the puckered structure [21]. 

This paper proposes a phosphorene layer with different 

diameters and rolling directions on the top of an Au layer. The 

structure is formed as an SPR biosensor at 632 nm incident 

light, the sensitivity and resonance angle of the biosensor are 

studied, and the order of the layer is optimized for better 

resolution. The different structures are then simulated in the 

Lumerical environment, and changes in the refractive index 

are studied and compared. 

2. THE PROPOSED SPR-BIOSENSOR STRUCTURE  

2.1. Schematic of the Structure 

In this paper, we use a four-layer Krishmann structure, 

including the prism, gold (Au) layer, phosphorene nanotubes, 

and the sampling environment, respectively. As shown in Fig. 

2, the gold layer is placed on the prism without an 

intermediary, and the PNT layer is then placed between the 

Au layer and the sample medium. The physical properties of 

various simulated materials are presented in Table 1. 

2.2. Theoretical Discussion of SPR-Biosensor 

Resonance occurs when the tangential component of the 

incident light wave vector (kin) is equal to the wave vector of 

the surface plasmons (ksp). The incident light wave vector can 

increase as much as the surface plasmon wave vector and be 

excited at a special angle called the surface plasmon 

resonance angle at the metal–sample interface. 

Table 1: Refractive index and thickness of different layers. 

Layer Refractive index 
Thickness (or diameter) of 

PNTs 

Prism [22] 1.515 ------- 

Au [22] 0.185+3.423i 30nm 

aPNT(5.2A) [21] 1.3+0.33i 0.52nm 

aPNT(7.3A) 1.25+0.41i 0.73nm 

aPNT(10.08A) 1.05+0.30i 1.00nm 

aPNT(11.5A) 1+0.22i 1.15nm 

zPNT(7.3A) 1.43+0.37i 0.73nm 

zPNT(11.5A) 1.40+0.22i 1.15nm 
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Fig. 2: Illustration of the SPR-biosensor structure. 

The resonant angle can be computed by 

𝑘𝑠𝑝 = 𝑘0√(
𝜀1𝜀2

𝜀1+𝜀2
)                                                                       (1) 

𝜃𝑆𝑃𝑅 = sin−1 [√
1

𝑛𝑝
(

𝜀1𝜀2

𝜀1 + 𝜀2
)]                                              (2) 

in which 𝜀1 and 𝜀2 are the dielectric constant of the metal and 

the sensor environment, respectively, and np is the refractive 

index of the prism. Assuming resonance and energy transfer 

from photons to surface plasmons, the intensity of the 

reflected light is significantly reduced [23, 24]. In general, the 

characteristic of a reflective wave, including intensity, phase, 

and polarization under resonance conditions, is entirely 

dependent on the refractive index of the adjacent medium. 

The important parameter in the surface plasmon 

resonance sensor that reflects the performance of this sensor 

is sensitivity (S), which indicates the rate of changes in sensor 

output to the changes in the measured characteristic. For 

example, in angular modulation, the ratio of the surface 

plasmon resonance angle variations to the changes in the 

refractive index of the sensor environment is expressed as 

𝑆 =
∆𝜃𝑆𝑃𝑅

∆𝑛𝑠
                                                                           (3) 

Detection accuracy (D.A) indicates the proximity of the 

measured characteristic to its true value and is calculated by 

𝐷. 𝐴 =
∆𝜃𝑆𝑃𝑅

𝐹𝑊𝐻𝑀
.                                                                   (4) 

Finally, the quality factor (Q) is obtained by [25] 

𝑄 =
𝑆

𝐹𝑊𝐻𝑀
                                                                        (5) 

3. RESULTS AND DISCUSSION 

The article aims to study a new detection setup with the 

use of PNT layers on a thin layer of gold to enhance the light 

absorption capacity of the SPR biosensor and to further 

improve its sensitivity. The efficiency of the proposed 

configurations is verified in the Lumerical environment. 

 
Fig. 3: The reflection spectra curves of the monolayer of Au 

and aPNTs/Au layers. 

As shown in Fig. 3, we first examine the structure with 

the Au-PNTs, an armchair rolling direction (aPNTs) sensitive 

layer, and compare it with the results of the gold monolayer 

at the top of the prism. 

The effect of reflected light is examined once in the 

presence of a gold layer and once again in the presence of 

aPNTs/Au. Due to the interaction between the incoming light 

and the surface plasmons of the gold layer, the reflected light 

will be of minimal intensity at a particular angle. The aim is 

to find this minimum angle in structures of different 

thicknesses. The lower the minimum reflection, the more 

favorable the result will be, indicating that the surface 

plasmon resonance occurs more strongly. In other words, the 

incoming light wave vector is perfectly coupled to the surface 

plasmon on the metal surface. 

As can be seen in Fig. 3, the minimum reflectance (Rmin) 

in the structure with the Au layer and the thickness of 30 nm 

is 0.383 and by adding an additional aPNTs layer on 30 nm 

Au, a ~19% reduction in Rmin occurs in 0.311 and an 

approximate difference in SPR angle is Δθ ≈ 0°. This 

configuration causes the minimum reflectance to increase 

dramatically, which is in good agreement with other reports. 

By retaining the Au layer thickness at 30 nm, the impact 

of the additional layer of aPNTs on the minimum reflectance 

of the aPNTs/30Au configuration was also investigated and 

compared. As shown in Fig. 4, when the diameter of aPNTs 

layer grows, the lowest reflectance approaches 0.199 for 

aPNTs(10.08A)/30Au. Table 2 lists the minimum 

reflectance’s corresponding to the angles of occurrence for 

the setup simulation at the different diameters of pants layer. 

By considering zPNTs/30Au configuration as the 

optimized reflection spectra and to investigate the effect of 

zPNTs flakes on the reflection spectra, the diameter of zPNTs 

layer was increased to 7.3A and 11.5A flakes. Fig. 5 shows 

that the minimum reflectance does change significantly when 

the diameter of zPNTs flakes is increased, which has an 

impact on Rmin. Details of the values to Rmin and RA are listed 

in Table 3. 
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Fig. 4: The reflection spectra for different diameters of 

aPNTs layers in aPNTs/30Au. 

Table 2: Resonance angle (θ°) and Rmin values for different 

diameters of aPNTs layers in aPNTs/30Au configurations in 

n = 1.33 environment. 

Diameter of 

aPNTs layer 

(A) 

Resonance angle 

(θ°) 

Minimum reflectance 

(Rmin) 

5.2 71.959 0.311 

7.3 71.959 0.287 

10.08 70.591 0.199 

11.5 70.591 0.212 

 

Table 3: Resonance angle (θ°) and Rmin values for different 

diameters of zPNTs layers in zPNTs/30Au configurations in 

n = 1.33 environment. 

Diameter of zPNTs 

layer (A) 

Resonance angle 

(θ°) 

Minimum 

reflectance (Rmin) 

7.3 71.959 0.309 

11.5 71.959 0.295 

 

Table 4: The sensitivity (S), detection accuracy (DA), and 

quality (Q) of the proposed aPNTs(10.08A)/30Au SPR-

biosensor versus work in for n = 1.339 medium. 

SPR-Biosensor 

Configuration 
aPNTs(10.08A) /30Au 2L_ G/30Au 

FWHM 17.23 22.06 

Δθ SPR 1.368 6.25 

S (°/RUI) 152 89.29 

DA 0.079 0.29 

Q 8.82 4.26 

Reference This work [26] 

 

From the results in Figs. 4 and 5, we can see that the 

minimum reflectance happens at 0.199. This means that the 

combination of aPNTs(10.08A)/30Au is the most optimal 

structure among the available configurations. By modifying 

the medium to n = 1.339, the sensor's sensitivity and the 

spectral response of the aPNTs (10.08A)/30Au structure are 

investigated. Fig. 6 indicates the response of the spectral 

reflection to various environments. Sensitivity, S, can now be  

 

 
Fig. 5: The reflection spectra for different diameters of 

zPNTs layers in zPNTs/30Au. 

 
Fig. 6: The reflection spectra for aPNTS(10.08A)/30Au 

configuration at watery (n = 1.330) and analyte (n = 1.339) 

representing. 

determined using (4) and the details of Fig. 6 in response to n 

= 1.330 and n = 1.339. 

Moreover, FWHM may be estimated at 17.23 based on 

the results. Equations (3-5) are used to determine sensitivity, 

detection accuracy, and quality, as listed in Table 5 based on 

the information in Fig. 5. The results of another investigation 

[26] into 2L_G/30Au are also presented for comparison. 

4. CONCLUSION 

This paper studied and introduced the effect of various 

PNTs/Au combinations and the diameter of their flakes on the 

spectral response of an SPR biosensor. In addition, the orders 

and diameters of the PNT layer and the medium were 

compared. We also examined the sensor's sensitivity and 

reflectivity to achieve the best configuration functionality. 

The results show that aPNTs (10.08A) over 30nm Au have 

the highest sensitivity of 152°/RIU. The results also show that 

increasing the diameter of the layers in the outlet has a direct 

effect on the sensor's efficiency and enhances the sensor's 

performance. 
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