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based angle robust ultrasensitive
hyperbolic metamaterial biosensor

Badhan Golder, † Zahidul Salman,† Rony Das and Arif Ahammad *

We design an angle-robust hyperbolic metamaterial-based biosensor structure using n-doped silicon

nanowires. We examine the hyperbolic properties of the structure using effective medium theory (EMT)

and analyze the resonance shift of our proposed biosensor structure, by employing the finite-difference

time domain (FDTD) method, and theoretically verify the result with the transfer matrix method (TMM).

Our proposed sensor structure exhibited a perfect reflectance shift for impedance matching and

extreme anisotropic properties at the NIR wavelength (l > 2.2 mm). We analytically demonstrate the

electric field confinement between nanowires by employing the resonance condition, which is enhanced

by the total internal reflection (TIR) phase shift. We demonstrate that the angle-insensitive characteristic

is inherited by the extreme anisotropic hyperbolic dispersion relation and analyze the effect of structural

parameters on the bulk sensitivity using the dispersion relation to optimize the sensor parameters. We

explore the sensor performance for detecting the dengue virus and demonstrate that our proposed

sensor can detect a single dengue NS1 protein with an outstanding sensitivity of a resonant wavelength

shift of 14 nm per NS1 protein and mass sensitivity of 0.192 nm kDa−1. We analyze the ideal limit of

detection (LOD) of the NS1 protein solution from the diffusion equation and elucidate that the geometry

of the n-Si NW exhibits an unprecedented LOD of 0.691 pM. Our proposed biosensor can be effectively

employed for the ultra-sensitive, highly precise label-free detection of various viruses and bacteria at the

nanoscale limit.
1 Introduction

Plasmonic materials are key to designing robust optical device
structures, such as sensors,1 absorbers,2 waveguides,3 polar-
izers,4 and antennas.5 Some sensors used the optical properties
of plasmonic materials in order to achieve label-free bi-
osensing6 and chemical identication.7 Free electrons oscillate
at the metal–dielectric interface at the resonance wavelength in
plasmonic nanostructures, known as surface plasmon reso-
nance (SPR). Moreover, surface plasmon polaritons (SPPs) are
electromagnetic (EM) waves that propagate at the interface of
metals and dielectric materials, and localized surface plasmon
(LSP) resonance is the connement in metallic nanoparticles.
Due to the phenomenon of momentum matching and eld
connement, the rate of molecule detection using SPP-based
sensors is exceptionally high, achieving a sensitivity of nearly
3000 nm per RIU (ref. 8) or more. However, this kind of sensor
encounters challenges in detecting nanoscale samples and
exhibits angle sensitivity, which is a signicant issue given the
modern nanoscale size of the analyte.9 Although LSP-based
sensors can detect smaller molecules1 due to enhanced eld
ineering, Shahjalal University of Science
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4–7975
connement compared to SPPs, their sensitivity is lower than
that of SPPs. Researchers are now interested in metamaterial-
based plasmonic sensors, which address the limitations of
conventional plasmonic sensors in nanoscale studies.10,11

However, these types of sensors face challenges in detecting
smaller quantities of lower molecular weight molecules (<500
Da) due to their reduced polarizability, and the gure of merit
(FOM) of this sensor is relatively low. However, these sensors are
very useful for detecting harmful viruses such as dengue,12

malaria,13 etc. The dengue virus, a member of the Flaviviridae
family, contains nonstructural protein 1 (NS1), which is found
in all aviviruses and plays a crucial role in viral life cycle
processes such as replication and immune evasion. The
concentration of the NS1 protein in host blood increases rapidly
with viral replication.14 Although electrochemical sensors,
which are different from plasmonic sensors, have achieved high
glucose sensitivity,15 HMM biosensors offer label-free, real-time
detection with greater selectivity.

Recently, researchers have introduced extreme anisotropic
metamaterials known as hyperbolic metamaterials (HMMs),
which addressed the limitations of conventional metamaterial-
based plasmonic sensors. Unlike other types of metamaterials,
HMMs have the unique property of exhibiting hyperbolic
dispersion, as the directions of their perpendicular and parallel
polarization are opposite to one another.16 This exceptional
© 2025 The Author(s). Published by the Royal Society of Chemistry
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property applies to various elds, including hyperlenses,17

enhanced spontaneous emission,18 etc. Moreover, HMMs are
highly suitable for sensor applications and eld connement
due to the excitation of high-k modes.19 The design of HMMs,
which are based on an array of layers or nanowires, along with
the strong interactions between them, enhances sensitivity to
variations in the refractive index (RI). Hong-Zhuo et al. intro-
duced a multilayer structure of Ag and TiNxOy designed for RI
sensing, achieving a sensitivity of 2475.20 nm per RIU.20

Moreover, Sreekanth et al. proposed an extremely sensitive
multilayered HMM structure for detecting molecules for
improved medical applications.21 Unlike sensitivity, fabricating
multilayers is more complex than fabricating nanowires.
Moreover, nanowire-based HMMs are more effective in detect-
ing nanoscale molecules and providing geometrical effects on
the limit of detection (LOD). Vasilantonakis et al. proposed
a gold (Au) nanowire-based ultrasensitive HMM sensor for
chemical and biomedical purposes.22 Moreover, Ruoqin et al.
proposed and fabricated a gold (Au) nanowire-based HMM
sensor in the eld of biosensing to detect the binding of
streptavidin (a protein).23 These proposed structures are based
on noble metals such as Au and Ag. However, they exhibit high
optical losses, leading to degraded device performance.24 Sarker
et al. proposed a TiN nanowire-based HMM sensor for detecting
E. coli, showing that nanowire HMM sensors can be made from
other plasmonic materials.25 Researchers have found a new
plasmonic material made from other semiconductor like Si,26

which overcomes the limitations of noble metals. Additionally,
n-doped silicon (Si) is a more convenient alternative to noble
metals exhibiting negative real permittivity. Moreover, the
carrier concentration of n-doped Si can be controlled by
meticulous doping and optimized for both the real and imagi-
nary components of permittivity.27 As a result, researchers have
utilized the properties of n-doped Si in plasmonic sensors as an
alternative to noble metals.27–29 Moreover, the effect of n-doped
Si nanowire-based HMM sensor structures on device perfor-
mance has not yet been studied. A signicant drawback of
earlier HMM sensors is their inability to provide consistent
responses with varying incident angles. However, angle
robustness is indispensable for an HMM sensor to reduce the
noise for accurate detection of a minimal change in molecular
properties. Even a small variation of the resonant frequency
over different incident angles signicantly affects the LOD of
the HMM sensor.

In this study, we proposed a highly sensitive angle-robust
biosensor structure employing strong light connement
within the HMMnanostructure, based on an n-doped silicon (n-
Si) nanowire to leverage hyperbolic properties. We analyzed the
proposed nanowire-based HMM biosensor structure employing
effective medium theory (EMT), the nite difference time
domain (FDTD), and the transfer matrix method (TMM). We
obtained the hyperbolic region for the structure using the
Maxwell–Garnett equation. Moreover, we analyzed the
connement of light within our nanostructure based on the
resonance phase condition. Furthermore, we investigated the
angle independence of our structure using both the FDTD and
TMM. Aer that, we optimized the geometrical parameters
© 2025 The Author(s). Published by the Royal Society of Chemistry
based on reection spectra using the numerical sweep method.
Additionally, we investigated the mode frequency shi using
EMT equations. We studied the sensor performance for dengue
application by injecting the NS1 protein. We examined themass
sensitivity and diffusion time of the molecules for binding on
the n-Si NW surface at different molar concentrations of NS1
solution. Additionally, for level-free real-time monitoring, we
analyzed the LOD based on a xed, reliable time to bind a single
molecule. Finally, we performed a comprehensive comparison
of the performance parameters of our proposed HMM sensor
with those in previously reported studies.
2 Methodology

We designed an n-doped Si (n-Si)-based HMM structure and
analyzed its sensor performance in the NIR region. We con-
ducted the numerical analysis using the FDTD method and
analytical calculation using the TMM and EMT method.
Fig. 1(a) shows the 3D view of our proposed HMM structure,
containing a n-Si nanowire (NW) and base. Fig. 1(b) illustrates
the simulation setup of a unit cell for the FDTD method. Our
proposed structure was periodic in the x- and y-directions.
Moreover, we used perfectly matched layer (PML) boundary
conditions in the z-direction. We employed both transverse
magnetic (TM) and transverse electric (TE) polarized light
sources by adjusting the polarization angle (f = 0° and 90°,
respectively). The numerical analysis was conducted in the
wavelength range of 1500 to 5000 nm. Moreover, we analyzed
the reection spectra by changing the incident angle value q in
our structure. We employed power monitors to calculate the
reection, transmission, and absorption of our proposed sensor
structure using

TðlÞ ¼ PtðlÞ
PiðlÞ ; (1)

RðlÞ ¼ PrðlÞ
PiðlÞ ; and (2)

A(l) = 1 − T(l) − R(l) (3)

Here, T(l), R(l), and A(l) represent the transmission, reection,
and absorption of our proposed sensor structure varying with l,
respectively. Pt(l), Pr(l), and Pi(l) represent the transmitted,
reected, and incident powers, respectively. We set a xed
temperature of 300 K to conduct the numerical analysis. We
optimized the unit cell's geometrical parameters by applying
a parametric sweep. We calculated the radius (r) of our
proposed biosensor structure based on the ll factor (FF), as
illustrated in Fig. 1(c), determined using

FF ¼ pr2

P2
: (4)

Here, P denotes periodicity, which was 80 nm, and the FF was
70% in our study. The height of the n-Si NW (hn) was 80 nm, and
the height of the base (hb) was 200 nm, as illustrated in Fig. 1(d).
Fig. S1 in the SI provides a suggested fabrication technique
Nanoscale Adv., 2025, 7, 7964–7975 | 7965
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Fig. 1 (a) The 3D illustration of the proposed n-Si based hyperbolic metamaterial biosensor structure with different doping concentrations of the
nanowire (doping-1) and base (doping-2), where q and f are the incident and polarization angles of a plane wave with the propagation direction
(k). (b) The FDTD simulation setup of a unit cell with boundary conditions, a plane wave, andmonitors. (c) The xy- and (d) xz-views, where P, r, hn,
and hb are the periodicity, radius, height of the nanowire, and height of the base of the biosensor structure. (e) The tangential electric field (Ea, Eb,
and Ec) at the interfaces of the equivalent thin film TMM of the biosensor structure.
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employing electron beam lithography (EBL) and electroplating
to fabricate n-Si NW-based HMM structures. We determined the
permittivity (3) of n-Si using the Drude–Lorentz equation:17

3ðuÞ ¼ 3N � up
2

u2 þ jgu
; and (5)

up ¼
ffiffiffiffiffiffiffiffiffiffi
Ne2

30m*

s
: (6)

Here, up, g and 3N are the plasma frequency, damping coeffi-
cient, and static permittivity of bulk n-Si. 30, e, and m* are
vacuum permittivity, charge, and effective mass of an electron &
N is the doping concentration of n-Si. We adopted 1 × 1021

cm−3 and 7 × 1020 cm−3 as the NW doping concentration
(doping-1) and the base doping concentration (doping-2) of n-
Si, respectively. The relative permittivity of the different
doping concentrations of n-Si is illustrated in Fig. S2 in the SI.
The impact of doping concentration of the NW and base on
7966 | Nanoscale Adv., 2025, 7, 7964–7975
reection spectra is illustrated in Fig. S3 in the SI. We intro-
duced freshwater employing a background RI of 1.333. We
calculated the NS1 protein's RI which is 1.5, as discussed in
Section 3 in the SI. We analyzed the hyperbolic properties and
mode frequency shi of our proposed biosensor structure using
the EMT and dispersion relation, which is detailed further in
later sections. Furthermore, we analyzed the reectance of our
n-Si NW HMM structure using the TMM. The equivalent optical
layer is shown in Fig. 1(e). The TMM model for our proposed
biosensor structure is given as30,312

6664
Ea

Ec

Ha

Ec

3
7775 ¼

2
64 cos dHMM

i sin dHMM

hHMM

ihHMM sin dHMM cos dHMM

3
75

�

2
64 cos dbase

i sin dbase

hbase

ihbasesin dbase cos dbase

3
75
"
1
ho

#
(7)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Here, Ea, Ha, Ec, and Hc are the tangential electric and magnetic
elds at the boundary interfaces a and c (top and bottom).
hHMM, hAu, dHMM, and dAu are the optical admittance and
propagation phase within the HMM and Au layer, which are
dened as

dHMM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ko
�
nHMM

2 � no sin q2 � kHMM
2 � 2inHMM � kHMM

�q
hn;

(8)

hHMM ¼ dHMM

kohn
ho; (9)

dbase ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ko
�
nbase2 � no sin q2 � kbase

2 � 2inbase � kbase
�q
hb; and

(10)

hbase ¼
dbase

kohb
ho: (11)

Here, no, nHMM, nbase, ko, kHMM, and kbase are the corresponding
refractive index and wavenumber of vacuum, the HMM and the
Au layer. ho is the optical admittance of vacuum. The admit-
tance h measured using the incident wave from the top of the
HMM layer was obtained using

h ¼
Ha

Ec

Ea

Ec

¼ Ha

Ea

: (12)

The reection R and transmission T, utilizing the TMM, of
our proposed biosensor structure are obtained from the Fresnel
equation by equalizing the Poynting vector normal to the
interface, as determined using

R ¼

0
B@

ho

cos q
� h

ho

cos q
þ h

1
CA
0
B@

ho

cos q
� h

ho

cos q
þ h

1
CA

*

; and (13)

T ¼ 4hoReðhÞ�
ho

Ea

Ec

þ Ha

Ec

��
ho

Ea

Ec

þ Ha

Ec

�*
: (14)

Additionally, we analyzed the point detection capability with
the NS1 protein of our proposed HMM biosensor structure by
following these steps. Firstly, we analyzed the effect of surface
coverage by gradually covering the NW with NS1 solution from
bottom to top. Secondly, we examined the effect of the binding
position of the NS1 protein, modeled as a circular disk with
a height of 8 nm, at various points of the NW. Finally, the binding
effect of a single NS1 protein volume of ∼90 nm3 along the upper
surface of the n-Si NW was investigated. Moreover, we calculated
the equivalent homogeneous effective permittivity of the hetero-
geneous mixture of NS1 protein and water using the Maxwell–
Garnett equation32 to determine the LOD conventionally.

3eff ¼ ð1þ 2X Þ3d3w þ 23w
2ð1� X Þ

ð2þ X Þ3w þ ð1� XÞ3d : (15)
© 2025 The Author(s). Published by the Royal Society of Chemistry
Here, 3d and 3w represent the permittivities of the dispersive
phase (NS1 protein) and continuous phase (water), respectively.
X denotes the molar fraction of the dispersive phase. Aer that,
we analyzed the geometrical impact of NS1 solution on the LOD
by solving the diffusion equation, followed by33

vr

vt
¼ DV2r; (16)

Jt = DPr. (17)

We considered an ideal binding surface. Therefore, once
a protein molecule binds to the functionalized NW surface, it
does not desorb. This assumption limits the binding coefficient
kf / N, and the biosensing process is treated as a diffusion-
limited problem. Liu et al. justied highly adsorbing function-
alized nanowires.34 To mimic this molecular binding event,
a Dirichlet boundary condition was imposed on the NW surface,
allowing the molecules to sink into the NW. Therefore, the
number of NS1 protein molecules bound to the NW surface is
obtained using

vN

vt
¼ kfðN0 �NÞs ¼

ð
surface

jt � dA: (18)

Here, r denotes the analyte concentration, N0 indicates the total
initial number of molecules, N signies the number of captured
molecules, jt represents the molecular ux, D denotes the
diffusion coefficient, and s indicates the binding site probability
factor of the HMM biosensor structure.
3 Results and discussion
3.1 EM properties of the HMM

We measured the EM properties of the proposed HMM struc-
ture using EMT and obtained the permittivity tensor. The
structure exhibited symmetry along the z-axis and periodicity in
the transverse plane (x, y). The anisotropic behavior of our
proposed structure came from the inhomogeneity and the
polarization-direction dependence of the permittivity. We ob-
tained permittivity along the principal axes using EMT, as
expressed using32

3xx ¼ 3yy ¼ 3k ¼ ð1þ FFÞ3m3h þ 3h
2ð1� FFÞ

ð1þ FFÞ3h þ ð1� FFÞ3m ; (19)

3zz = 3t = FF3m + (1 − FF)3h (20)

Here, 3xx, 3yy, and 3zz are the electric permittivity in the trans-
verse direction (x and y plane) and perpendicular direction (z
axis). 3m, and 3h are the permittivity of n-doped Si and the
dielectric analyte, respectively. Because the permittivity prop-
erties of our proposed structure aligned with the coordinate
axes, the permittivity tensor only had diagonal components,
and the principal axes are in the x-, y- and z-directions. We
conducted the frequency-dependent dispersion of permittivity
tensor components 3‖, and 3t from eqn (19) and (20). Moreover,
the permittivity tensor [3] can be formed as35
Nanoscale Adv., 2025, 7, 7964–7975 | 7967
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½3� ¼

2
664
3k 0 0

0 3k 0

0 0 3t

3
775; (21)

The dispersion relation of the EM wave propagating into the
structure can be obtained using Maxwell's curl equations:

k × (k × E) = −u2m[3]E, and (22)2
664

0 �kz 0

kz 0 �kx
0 kx 0

3
775

2

E ¼ �u2m

2
664
3k 0 0

0 3k 0

0 0 3t

3
775E: (23)

We extracted the dispersion relation of the extraordinary
wave by solving the eigenvalue equation:

kx
2

3t
þ ky

2

3t
þ kz

2

3k
¼ k0

2: (24)

The transverse and perpendicular permittivity components
3‖, and 3t of our structure are illustrated in Fig. 2(a). Hyperbolic
dispersion can be categorized into two forms, one with 3‖ > 0, 3t
< 0, known as the type 1 HMM. In contrast, 3‖ < 0, 3t >
0 corresponds to the type 2 HMM. Our proposed structure
inherited the type 1 HMM characteristic for l > 2.2 mm. Fig. 2(b)
illustrates the dispersion relation plotted for an incident wave

of k0 ¼ 2p
4:5

mm�1:. The dispersive surface indicates the unique

state of the wavevector of the refracted wave inside the NW
Fig. 2 (a) Illustration of the relative permittivity of our proposed n-Si
nanowire HMM biosensor structure using EMT. The shaded portion
represents the hyperbolic dispersion at l$ 2000 nm. (b) Illustration of
the hyperbolic dispersion surface in photonic states, plotted with
respect to the photon wavevector at a constant frequency of our
proposed HMM biosensor structure. (c) Illustration of the effective
permittivity components 3‖ and 3t of n-Si nanowires over varying FFs.
(d) Numerically calculated reflectance spectra for the proposed HMM
biosensor structure with and without the HMM.

7968 | Nanoscale Adv., 2025, 7, 7964–7975
HMM. Due to the extreme anisotropic nature of the NW HMM,
the photonic density of states (PDOS) of our proposed structure
was innite compared to the nite photonic states of conven-
tional isotropic and anisotropic materials. In contrast, for
extensive wave vectors k∼ 2p/P, where P is the periodicity of the
NW, the Maxwell–Garnett effective permittivity approximation
failed. In this case, our structure no longer behaved as
a homogeneous anisotropic medium, thereby limiting the
available photonic states. However, the available photonic
states were surprisingly larger than those in conventional
anisotropic materials. This enhanced PDOS can conne light on
a sub-wavelength scale and strengthen the interaction with the
surrounding sensing materials. We obtained an increasing
dispersive behavior of the relative permittivity with an
increasing FF, as depicted in Fig. 2(c). Moreover, the increase in
the FF shied the hyperbolic region toward longer wavelengths.
The effective 3t of our proposed structure exhibited the most
negative behavior when the FF reached 70%, leading to extreme
anisotropic behavior that enhanced the resonant effect and
impedance matching. As a result, we achieved a perfect reec-
tion dip at l = 2999 nm, as illustrated in Fig. 2(d).

3.2 Connement of light into the nanowire structure

We obtained similar reection spectra for our proposed structure
using the FDTD and TMM, as illustrated in Fig. 3(a). Moreover,
the reection dip (2999 nm) was accurate for both methods. The
enhancement of the reection dip was due to the resonance
facilitated by the plasmonic mode. Furthermore, we demon-
strated the connement of light within our proposed structure by
analyzing the electric eld intensity at the transverse (x, y) and
longitudinal (y, z) planes under a linearly polarized TM plane
wave, as shown in Fig. 3(b). The geometrical distribution of the
electric eld intensity depends on the polarization direction of
the plane wave source. The electric eld was conned to the
polarization direction, and the plasmons were only excited by the
normal component of the electric eld at the interface of the NW
in our proposed structure. Consequently, the plasmons were not
excited in the direction perpendicular to the electric eld polar-
ization. The plasmonic mode propagated along the longitudinal
direction of the NW and decayed into the transverse plane.
Hence, we found that light connement was achieved at the NW
interface, and the bulk plasmons were not excited, as illustrated
in Fig. 3(c) and (d).

The propagating modes were reected back and forth at the
bottom and top interfaces of the NW, as shown in the inset of
Fig. 3(e). The reected waves were superimposed on each other,
creating an interference and resonant effect inside the NW. The
enhanced permittivity of the n-Si NW helped conne light within
our proposed structure at the resonant wavelength. We achieved
the resonance condition when the overall phase shi within our
structure was equal to np, where ‘n’ is the integer value 0, 1, 2.
We calculated the total phase shi (ftotal) as follows:36,37

ftotal = fpro + fNW-air + fNW-base. (25)

ln ¼ 2dkz

npþ f
(26)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Numerically and analytically calculated reflection spectra using the FDTD and TMM. (b) The position of the electric field monitor in the
X–Y and Y–Z directions of the biosensor structure. Visualization of the electric field (jEj) is shown in (c) X–Y and (d) X–Z views for the n-Si
biosensor structure at l= 2999 nm. The dotted line represents the bulk n-Si region. (e) The propagation phase shift fpro and the reflection phase
shift at the n-Si NW and air interface fNW-air and n-Si NW and base interface fNW-base result in an overall phase shift ftotal experienced by
a roundtrip of a photon in the n-Si NW.
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Here, fpro, fNW-air, and fNW-base are the propagation phase and
non-trivial phase shis at the top and bottom interfaces of the
NW and also n, ln, f, kz, and d are the mode number, wave-
length, TIR reection, normal component of the wave vector at
resonant wavelength, and the thickness of the NW, respectively.
We studied the phase variables fpro, fNW-air, and fNW-base by
employing the TMM, as discussed in Section 5 in the SI. Fig. 3(e)
illustrates the phase variables, indicating that the total phase
shi ftotal at the resonant wavelength (2999 nm) almost satis-
ed the resonant condition of the 0th order resonance (ftotal =

0), as described by eqn (26) for n = 0. This facilitated light
connement into the NW region, much smaller than the reso-
nant wavelength itself, and enhanced the sensitivity of our
proposed structure up to the nanoscale limit. Moreover, Yue
et al. experimentally designed a highly sensitive plasmonic
nanoridge HMM facilitated by a eld conned between the
nanoridge.38 As the wavelength increased, the overall phase
shi ftotal also increased, yet it remained smaller than 180°.
Consequently, the resonance condition for higher-order modes
to achieve the np phase shi to maintain constructive inter-
ference within the n-Si NW was not satised. As a result, only
a single mode existed in our structure. This leads to enhanced
detection accuracy, improved mode coupling, higher signal-to-
noise ratio (SNR), and better spectral purity.
3.3 Impact of the incident angle

The angular dependence of the resonant wavelength in our
proposed structure came from changes in the normal compo-
nent of the incident wave vector. There was no tangential wave
© 2025 The Author(s). Published by the Royal Society of Chemistry
vector at the interface for normally incident light. Thus, the
resonance wavelength is dened in eqn (26) and the normal
component of the wave vector is dened by32

kz
2 ¼ 3kko

2 þ 3kkx
2

3t
: (27)

Unlike normal incidence, the resonant condition was
affected by the angle of incidence as it introduces a tangential
wave vector kx, as shown in Fig. 4(a). The variation in kx altered
kz, and consequently, the resonant wavelength ln was also
affected by the angle of incidence. However, our proposed
structure exhibited an extremely anisotropic hyperbolic
dispersion relation. Concurrently, we found that the kz at
different angles of incidence remained unaffected for our
structure. The robustness of kz over kx makes our structure
completely insensitive to different incident angles of the TE
plane wave. We investigated an unchanged behavior of the
resonant wavelength for the TE wave at various incident angles
using both the FDTD and TMM, as depicted in Fig. 4(b) and (d),
respectively. Wu et al. experimentally designed an Ag nanoridge
angle insensitive plasmonic hyperbolic tunable lter that
conned light, facilitated by light funnelling.39 In contrast, we
observed a le shi in the resonant wavelength aer an inci-
dent angle of 45° for the TM wave, using the FDTD and TMM, as
shown in Fig. 4(c) and (e), respectively. This was due to the
angle-dependent intrinsic admittance under TM waves.30 The
effect of angle-dependent reection spectra can be mitigated
using a coupled optical ber with a numerical aperture (NA)
lower than a 45° incident angle.40 Moreover, we studied the
Nanoscale Adv., 2025, 7, 7964–7975 | 7969
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Fig. 4 (a) Illustration of incident light wave vector (k0) at different incident angles q in TE and TM modes and the corresponding tangential
component (kx) resulting in a longitudinal wave vector (kz). The dotted half-circle represents the incident angle of light, while the arrow of
particular k0 connects corresponding kx and kz with the dotted line. Reflection spectra at varying incident angles (q) for TE and TM modes,
respectively, using (b and c) the FDTDmethod and (d and e) the TMM, respectively. (f) Reflection spectra at various polarization angles f under TE
and TM polarized light showing no shift in reflection for the symmetry of our proposed HMM structure.
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resonant wavelength for different polarization angles under
normal incidence, as shown in Fig. 4(f). Our structure was
symmetrical to the x- and y-directions, so it was completely
polarization-independent.
3.4 Impact of geometrical parameters

We optimized the geometrical parameters (hn, hb, and FF) based
on the reection spectra of our proposed sensor structure. We
found that the reection spectra were highly sensitive to hn, as
depicted in Fig. 5(a). We achieved stronger light connement
when hn was set to 80 nm. The reection of our structure
increased as hn increased or decreased. Thus, we determined
the optimized value of the n-Si NW (hn) to be 80 nm. Moreover,
Fig. 5 Illustration of optimization of the geometrical parameters (a) hn,
structure.

7970 | Nanoscale Adv., 2025, 7, 7964–7975
we studied the impact of hb in our sensor structure, as illus-
trated in Fig. 5(b). We constantly observed a perfect reection
dip while varying the hb. However, the FWHM increased when
hb was below 200 nm. The reection spectra appeared quite
similar aer 200 nm. Thus, we adopted hb = 200 nm for our
study. Furthermore, we analyzed the effect of the FF by
changing the NW radius (r) in our proposed sensor structure, as
depicted in Fig. 5(c). We observed high reection as the FF
decreased, and the impedance matching was enhanced. Thus,
we selected FF = 70% for our study. However, when we
increased the FF above 70%, the NW began to overlap. Addi-
tionally, we studied the optimization and the impact of
geometrical parameters analytically using the admittance
diagram, as discussed in Fig. S4 in the SI.
(b) hb and (c) FF on the reflection spectra for our proposed biosensor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5 Dependence of mode frequency shi on the analyte R.I.

We investigated the mode frequency shi resulting from vari-
ations in the analyte's permittivity directly for the hyperbolic
dispersion of our structure. The sensitivity of the mode
frequency is obtained using22

vuq

v3h;r
¼ C0

2

2uq

"�
kx

3t

�2
v3t

v3h
þ
�
qp

hp3k

�2
v3d

v3h

#
; and (28)

�i vuq

v3h;i
¼ i

C0
2

2uq

"�
kx

3t

�2
v3t

v3h
þ
�
qp

hp3k

�2
v3k
v3h

#
: (29)

Here,
vuq

v3h;r
and

vuq

v3h;i
are the sensitivities of mode frequency with

respect to the real and imaginary parts of the permittivity of the
analyte. kx, uq, and q are the tangential component of the wave
vector, resonant frequency, and mode number, respectively.

The plasmonic mode conned the electric eld at the n-Si
NW and dielectric (analyte) interface, facilitated by the
standing wave reections at the HMM interface. The change in
the permittivity of the analyte perturbs the resonance condition,
as dened using eqn (28) and (29). Moreover, the perturbation
of the complex anisotropic permittivity components of the

HMM
v3t

v3h
and

v3k
v3h

is dened using eqn (30)–(32) and illus-

trated in Fig. 6(a). The parallel permittivity 3‖ is highly sensitive
to the variation in 3h.

v3k
v3h

¼ q3m þ 23h

q3h þ 3m
�mq

q3m þ 3h

ðq3h þ 3mÞ2
; (30)

v3t

v3h
¼ 1� FF; (31)

q ¼ 1þ FF

1� FF
: (32)

We investigated how changes in the real part of the analyte's
permittivity perturb the resonant frequency within the rst Bril-
louin zone, kmax ∼ 2p/P, as shown in Fig. 6(a) and (b). The
sensitivity at the resonant frequency increased with the mode
number because the gradient of the electric eld at the NW
interface was directly related to the mode number. Moreover, we
Fig. 6 (a) Illustration of the perturbation of 3‖ and 3t over analyte permitt
the real and imaginary parts of 3‖ and 3t over analyte permittivity. Perturba
3h at different (b) FFs and (c) heights of the n-Si NW under tangential wa

© 2025 The Author(s). Published by the Royal Society of Chemistry
studied the effect of the FF on the resonant frequency shiing
following eqn (28), (29), (31) and (32), as illustrated in Fig. 6(b). As
the FF decreased, the wavelength shied closer to the natural
plasma frequency of the NW. This made the perturbation of the
anisotropic permittivity (3‖) stronger, leading to a larger
frequency shi. Therefore, there was an increase in the resonant
frequency shi as the FF decreased. Consequently, the LOD
decreased as the electric eld connement was reduced, and less
effective surface area was available to bind to NS1 molecules.

Furthermore, we investigated the effect of the NW's height
on its sensitivity at the resonant wavelength of the 1st order, as
depicted in Fig. 6(c). The sensitivity of the resonant frequency
decreased as the NW's height increased, because the increase in
the NW's height shied the resonant wavelength further from
the natural resonance, resulting in lower sensitivity.

3.6 Sensing performance

Reliable and efficient detection of target molecules requires
target-specic biosensors. To detect the NS1 protein (produced by
the dengue virus's RNA genome) with a higher LOD, we proposed
a functionalized NW surface to bind with thiol-terminated single-
stranded DNA (ssDNA) aptamers that have a high affinity for the
target NS1 protein. However, the accumulation of plasma charge
on the NW surface, as shown in Fig. S5 in the SI, hindered the
binding of NS1-bound ssDNA to the functionalized NW. To
hinder surface passivation, we proposed the use of thiol-
terminated 6-mercaptohexanol (MCH) to effectively prevent
non-selective binding of other proteins present in blood serum,
as discussed in ref. 41. The detection of the NS1 protein is
facilitated by the change in the local RI upon binding.

To investigate the binding event, we covered the outer
cylindrical surface of the NW with a hollow cylinder having an
inner radius of ‘r’ and a xed outer radius of 40 nm. The bulk RI
of this hollow cylinder was set equal to that of the NS1 protein
(RI = 1.5) as discussed in Section 3 in the SI. Fig. 7(a) illustrates
the physical estimation of the surface coverages by NS1 proteins
in our n-Si NW biosensor structure. The reection spectra of our
structure at varying surface coverage of NS1 proteins are illus-
trated in Fig. 7(b). We observed that the resonance wavelength
shi increases quadratically with surface occupation. The rate
of change in resonance wavelength shi with respect to surface
coverage was minimal at 0% coverage, increased with the
ivity 3h. Red, black, green, and blue curves delineate the perturbation of
tion of resonant frequencyuq, indicating bulk sensitivity over change in
ve vector kx.

Nanoscale Adv., 2025, 7, 7964–7975 | 7971
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Fig. 7 (a) Representation of the schematic for numerical analysis of a unit cell with varying surface coverage of the NS1 protein, having hn =

80 nm and (b) resulting resonance shift of reflection spectra. (c) Representation of the schematic for numerical analysis of a unit cell with varying
D/hn, whereD is considered the height of the NS1 protein, which is 10% of the NW. (d) Resonance shifts of reflection spectra for differentD/hn. (e)
Schematic illustration of the X–Y view of the NW indicating the position of binding a single NS1 protein with a dotted arrow and varying the
position point qinc by 10°. (f) Resonance shift of reflection spectra for different positions of binding of a single NS1 protein, where maximum
resonant shift was 14 nm in position 2.
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percentage of coverage, and reached a maximum at 100% with
361 nm. This resonance wavelength shi came from the
perturbations of electric eld density due to changes in the local
RI and an increase in electric eld intensity above the out-of-
plane surface. Due to the hyperbolic dispersion characteristic
of our biosensor structure, changes in the local RI signicantly
altered kz at the resonant wavelength, as described by eqn (26).
Concurrently, the stronger electric eld intensity above the
planar surface (Fig. 3(d)) was more sensitive to local RI changes
compared to the weaker eld near the planar surface. Thus, we
observed quadratic dependence of the resonance wavelength
shi on surface occupation percentage.

A nanobiosensor should detect a single molecular binding
event on the outer planar surface of the nanowire. The LOD of
a nanobiosensor depends both on the rate of molecular ux
diffusion toward the nanowire surface and its sensitivity to
detect such events. We investigated the point detection capa-
bility of our structure by surrounding the NW surface with
a cylindrical disk of 8 nm height at a point D, which corre-
sponds to 10% of the NW's total height, as illustrated in
Fig. 7(c). The resulting shis in the resonance wavelength at
various normalized positions D/hn along the NW. We observed
a maximum shi of 74 nm at D/hn = 0.9, as shown in Fig. 7(d).
On the other hand, there was a decrease to 44 nm at the NW's
top surface (D/hn = 1). We found that as the distance of the
cylindrical disk from the planar surface increases, the reso-
nance shi also increases initially. However, the ratio of the
7972 | Nanoscale Adv., 2025, 7, 7964–7975
perturbed surface area to the change in the local RI remained
almost constant. This enhancement of surface sensitivity above
the planar surface is attributed to the stronger connement of
the electric eld near the NW, as illustrated in Fig. 3(d). The
effect of the localized electric eld is further conrmed by the
immediate decrease in resonance shi as D/hn approaches 1.
This simulated molecular binding at the top surface of the NW,
where the eld primarily existed as an evanescent eld.
Furthermore, we studied the point detection capability of our
biosensor structure by introducing a single molecule at the
sensor surface parallel to the NW, as shown in Fig. 7(e). A single
NS1 protein, with an average volume of ∼90 nm3, was posi-
tioned on the x-axis and subsequently rotated in an anti-
clockwise direction by qinc = 10° from the x-axis to the y-axis
direction. The resulting shi in resonant frequency, as
demonstrated in Fig. 7(f), conrms the ultrasensitive response
of our sensor structure. A resonant shi of ∼10 nm was
observed for a single NS1 protein bound at the top surface of the
NW at position-0. Moreover, the resonance frequency shi
reached its maximum value of 14 nm when the NS1 protein was
bound at an angle of 10° (position-1) from the horizontal axis.
This enhanced sensitivity was attributed to the maximum
electric eld intensity and charge density at this specic angle,
as illustrated in Fig. 3(c). Beyond 10°, the resonance frequency
shi declined, reaching its lowest shi of ∼0.08 nm at 90°
(position-10), where the electric eld intensity was minimal.
This non-uniform connement of the electric eld around the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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NW surface at the nanoscale leads to nonlinear sensitivity
across the surface. Additionally, our proposed biosensor struc-
ture can detect a maximum resonant shi of 14 nm for a single
NS1 protein, which is well above the detection limit of typical
measurement units, accounting for noise. The corresponding
mass sensitivity of our biosensor structure was calculated to be
0.192 nm kDa−1, as discussed in Section 8 in the SI.

3.7 Diffusion analysis of molecules

The effective permittivity of the heterogeneous mixture of NS1
protein and water at different molar concentrations was deter-
mined using eqn (15). We observed a linear shi in the resonance
wavelength as we increased X from 0 to 100%, as depicted in
Fig. 8(a) and (b). Moreover, we analyzed the response behavior of
our biosensor structure for detecting other biomolecules such as
hemoglobin and glucose, which are given in Section 9 in the SI.
The resonant wavelength shi induced by one NS1 molecule (Dl)
must exceed the root-sum-square of all readout noise contribu-
tions within themeasurement bandwidth. This can be quantied
through the noise-equivalent wavelength shi, which was
∼1 nm.46 Therefore, we considered a minimum measurable
resonance shi of 1 nm and obtained a reliable detection of the
NS1 concentration above 0.267%. However, the resulting LOD
lies below the clinical detection threshold. Notably, a signicant
enhancement in the LOD can be achieved by functionalizing the
NW with ssDNA aptamers that selectively bind the NS1 protein.
These ssDNA molecules diffuse through the solution and attach
to the NW surface. The diffusion and binding eqn (16)–(18)
describe the distribution of the NS1 protein concentration. The
numerical solutions to these equations for our proposed
Fig. 8 The corresponding bulk response of (a) reflection spectra and (b
solution using EMT. The insets present the increasing concentration of
instant around the n-Si NW. (d) Depiction of the total number of capture
NS1 protein solution at a given time (t) on the NW surface on a logarithmic
different initial molar concentrations (C(M)) of the solution of the propo

© 2025 The Author(s). Published by the Royal Society of Chemistry
biosensor structure geometry are depicted in Fig. 8(c). The
concentration of ssDNA molecules gradually decreased towards
the surface of our biosensor structure, indicating amolecular ux
directed normal to the surface. The concentrated ssDNA mole-
cules were transported to the surface and predominantly bound
to the NW surface normal to the x- and y-directions. In these
regions, the local concentration was lower, resulting in a contin-
uous diffusion ux into these regions. The ssDNA molecules
diffused and bound to the functionalized n-Si NW surface. The
number of molecules captured by the sensor surface at nano-
molar (nM), picomolar (pM), and femtomolar (fM) concentra-
tions of the NS1 solution is illustrated in Fig. 8(d). We observed
that the number of biomolecules captured at the sensor surface
increased over time, regardless of the concentration of NS1
solution, as molecules from further distances were able to diffuse
to the sensor surface. However, the rate at which the molecules
bound to the sensor surface was signicantly higher at higher
analyte concentrations compared to lower concentrations. The
weaker diffusion force in the low analyte concentration limits the
capability of detecting a single molecule binding event on the
sensor surface. Moreover, the solution maintained a linear rela-
tionship on a logarithmic scale for captured molecules and time
intervals. Hence, a slight change in the required time interval to
capture a single molecule at the fM concentration was much
larger than that for the pM concentration in the linear time
domain. This time interval restricted the LOD. Fig. 8(e) illustrates
the required time intervals for a single NS1 molecule to bind to
the surface of our biosensor structure at various concentrations
of the NS1 solution. The binding times were reliable, measuring
approximately 17 ms and 148 s for 1 nM & 1 pM concentrations,
) resonant frequency shift at different concentrations of NS1 protein
NS1. (c) Illustration of the local concentration of the NS1 protein at an
d molecules (N) for different molar concentrations (nM, pM, and fM) of
scale. (e) The required time to capture a single NS1 proteinmolecule of
sed HMM biosensor structure on a logarithmic scale.
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Table 1 Comparative performance analysis between different previous studies

Structure Wavelength (mm) Sensitivity LOD Reference

Gold triangular nanoparticles 0.5–0.7 <7.33 nm mM−1 0.3 mM E. Chowdhury42

Au/1D photonic crystal 0.6–0.8 53.5 nm per RIU 0.009 g dl−1 M. Shaban43

DNA-modied plasmonic
sensor

0.75–0.9 — 1.1 mg ml−1 A. Guardado41

PAMAM-based optical sensor 2.5–10 — 1 pM N. Omar44

Ag/Si multilayered HMM 0.8–2 3450 nm per RIU — M. Baqir45

TiN nanowire HMM sensor 1–3 11 nm per bacterium 0.00008 RIU D. Sarker25

Si-nanowire HMM sensor 1.5–5 14 nm per NS1 molecule 0.691 pM This work
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respectively. However, it required approximately 199 days to
detect a single molecule at a 1 fM concentration. Moreover, to
perform rapid detection & monitoring, a label-free real-time
biosensor requires instantaneous detection. Abraham et al.
allowed the NS1 protein molecule to thermally diffuse and bind
the functionalized nanowire surface and continued the experi-
ment for 3–8 minutes to obtain a saturated signal of LSPR
shiing to detect the DENV2 NS1 protein.41 In this study, we
assumed amaximum idle time of 5 minutes for the sensor before
it reaches saturation. Thus, we measured the LOD of our
proposed biosensor structure to be approximately 0.691 pM,
demonstrating its high sensitivity for biomolecular detection.
4 Comparative analysis

We conducted a comparative analysis of performance parameters
between our proposed structures and previously reported sensors,
as listed in Table 1. We performed a comparative analysis of
sensor sensitivity and the limit of detection (LOD) in relation to
other studies. Chowdhury et al. proposed a triangular nano-
particle sensor, whose sensitivity is low and the LOD is large.42

Hence, this kind of structure is not conducive to detecting tiny
molecules. However, 1D photonic crystal structures and plas-
monic sensors increase sensitivity compared to nanoparticle-
based structures; however, the sensitivity and LOD of these
sensors were not sufficient for miniature molecules.41,43 On the
other hand, PAMAM-based optical sensors can exhibit a high
LOD, which can be conducive to tiny molecules such as the
dengue NS1 protein.44 In addition, the HMM sensor is an excellent
option for addressing these issues. Baqir et al. proposed a multi-
layered HMM structure with excellent sensitivity. Furthermore,
Sarker et al. proposed a nanowire-based HMM structure, which
reached excellent sensitivity and FOM for miniature microbes.25

However, these HMM structures were constructed usingmaterials
that were not readily available; in contrast, we developed a nano-
wire HMM sensor structure made of silicon, which was not
previously studied. Moreover, we achieved an excellent sensitivity
of 14 nm per dengue NS1 protein with an outstanding LOD of
0.691 pM in our proposed structure. Hence, we can infer that our
proposed structure will efficiently detect nanoscale samples.
5 Conclusion

We proposed an n-Si NW-based HMM biosensor structure and
analyzed its optical characteristics using the FDTD method and
7974 | Nanoscale Adv., 2025, 7, 7964–7975
TMM. We employed the EMT to analyze the hyperbolic behav-
iour of the biosensor structure. We obtained the hyperbolic
region of the n-Si NW aer a wavelength of 2200 nm. We opti-
mized the impedance matching of the structure and observed
a perfect reection notch at 2999 nm. Moreover, our proposed
structure exhibited angle insensitivity due to its extreme
hyperbolic characteristic. To successfully detect the dengue
virus, we injected the NS1 protein by changing the surrounding
local RI of the n-Si NW and calculated the shi in the resonance
wavelength of our proposed sensor structure. We further
demonstrate enhanced electric eld connement that enabled
the detection of a single NS1 protein. Aer detecting a single
NS1 protein, we evaluated its mass sensitivity which is 0.192 nm
kDa−1. Aer that, we analyzed the diffusion rate of the NS1
protein into the n-Si NW biosensor structure by employing
diffusion equations to obtain the relationship between the
required time and the number of NS1 molecules captured for
different molar concentrations of NS1 protein solution. Our
proposed sensor structure demonstrated an LOD of 0.691 pM,
which means that it can detect viruses of lower concentrations.
Our research paves the way for the design and fabrication of Si-
based sensors for label-free detection.
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