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nanosheets: theoretical analysis†

Yongping Li,ab Yufeng Yuan, *a Xiao Peng,*a Jun Song, a Junxian Liub

and Junle Qu a

This study proposed a novel Fano resonance (FR) biosensor with ultrahigh detection sensitivity by

integrating two dimensional (2D) hexagonal boron nitride (h-BN) nanosheets with a plasmonic silver

film–silicon hybrid nanostructure. Owing to its ultralow-loss in surface plasmon polaritons (SPPs), 2D h-

BN nanosheets can act as a planar photon waveguide (PWG) for generating energy level splitting.

Notably, both asymmetric FR sharp lines and plasmon induced transparency (PIT) can be produced by

modulating the coupling strength between the planar PWG mode provided by h-BN nanosheets and the

surface plasmon polariton (SPP) mode in the silver film–silicon hybrid nanostructure. Compared with

conventional phase-modulation SPR biosensors, our proposed configuration based on Fano resonance

can produce ultrahigh reflectivity of 0.934 and overcome the limitation of quasi-darkness reflectivity

which is difficult for further phase extraction. More importantly, our proposed FR configuration can

provide a promising phase detection sensitivity as high as 3.13 � 106 degree per RIU (refractive index

unit, RIU), which is enhanced by almost 100 times compared with conventional phase-modulation SPR

biosensors. In addition, our proposed configuration has also shown the characteristics of multiple-order

Fano resonances, largely depending on the partial coupling between the SPP mode and the different-

order PWG mode. Our proposed FR biosensor can provide a highly promising candidate for designing

a multiple-order FR platform for performing ultrasensitive detection.
1. Introduction

Optical surface plasmon resonance (SPR) biosensors designed
for monitoring targeted biomolecules exhibit well-accepted
features, such as high sensitivity, high speed, and label-free
quantitation.1–3 To achieve attenuated total reection (ATR),
conventional SPR biosensors usually utilize Kretschmann or
Otto coupling congurations.1 In the conventional SPR cong-
uration, except for a high refractive index prism, a metallic thin
layer such as gold, or silver, and aluminum, is employed to
provide surface plasmon polariton (SPP) waves, which can be
resonant with incident photons. When the obtained reectivity
in a SPR curve has a darkness or quasi-darkness point, it shows
that almost all the incident photons (z100%) have been
absorbed and transferred into energy to support the resonance
nd Systems of Ministry of Education and
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of SPPs waves. It is well-known that, the high sensitivity and
resolution are two critical parameters to judge a high quality
SPR sensor. However, both the sensitivity and resolution of
metal-based SPR biosensors are largely limited, due to the poor
photon absorption efficiency of bared metal lm and broad full
width at half maximum (FWHM) from SPR curves. Moreover, it
is still highly desirable to develop more novel SPR biosensors
for quantitatively monitoring the target analytes with low
molecular weight (smaller than a few hundreds of Daltons) in
ultralow detection concentrations. To solve the challenges, it is
of considerable signicance to develop novel optical SPR
biosensors with ultrahigh sensitivity and resolution for meeting
practical applications.

In addition to the wavelength, amplitude, and polarization,
phase is also another important parameter that extracts optical
property of reected light. To further develop detection sensi-
tivity, phase modulation-based SPR sensors have been
proposed.4,5 Prior to phase determination, it needs to x both
the incident light and wavelength. For phase-modulation SPR,
two interferential light beams including p-polarized light and s-
polarized light have a signicant differential phase. Thus, the
differential phase can be considered as an index to evaluate SPR
performance. It has been conrmed that, phase modulation is
more sensitive than angle, amplitude or wavelength
RSC Adv., 2019, 9, 29805–29812 | 29805
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Fig. 1 Schematic of FR-based hybrid configuration.
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View Article Online
modulation.6–9 The reason is that, the phase jump at the SPR
angle is highly related with the minimum reectivity. Under the
ATR, the strongest phase jump usually occurs at the typical dip
of smallest minimum reectivity, which corresponds to the
strongest SPR enhancement.10 However, the largest differential
phase always corresponds to a darkness or quasi-darkness
point, resulting in an extremely weak p-polarized reection
light. Although phase-modulation SPR sensors have high
sensitivity, they largely suffer from weak intensity of reection
light, because it needs to measure the intensity of reected light
to calculate the differential phase.11 Moreover, phase-
modulation approach cannot signicantly sharpen the SPR
curve and further develop the detection resolution. Thus, it is
more preferable to obtain a p-polarized reected light with high
intensity and narrow SPR reection.

It is worth noting that, hybrid strong coupling from different
electromagnetic (EM) states is a promising approach to produce
a narrow energy level splitting.12 As a typical example of plas-
mon resonance in photonics, Fano resonance can be realized by
the strong interference between a discrete quantum state and
a continuum band of states, resulting in a plasmon transparent
narrow window in a broad absorption band.13 In addition, Fano
resonance (FR) widely exists in a host of natural and articial
congurations.14 Owing to its unique sharp resonance, plasmon
induced transparency (PIT) has shown great potential in
exploiting high quality SPR sensors. For example, for a planar
multilayer conguration including surface plasmon polaritons
(SPPs) mode and photonic waveguide mode, FR can be gener-
ated, forming a narrow optical transparent window. Conven-
tional SPR sensors usually have a large energy loss, and provide
a sensitivity enhancement by largely absorbing photon energy
to produce enhanced electric eld. However, FR-based sensors
can produce dark states, and it needn't radiate energy outward.
Thus, Fano resonance can provide a larger sensitivity
enhancement than conventional SPR. For theoretical proposals,
Hayashi et al.15,16 proposed a waveguide-coupled SPR sensor
based on SPPs and waveguide modes, which produce sharp
Fano resonance line, which can be employed to perform high-
resolution sensing. In addition, Huang et al.17 proposed an
ultrasensitive FR biosensor working in near-infrared region. In
the proposed conguration, indium tin oxide layer (ITO) is
plasmonic materials that support SPPs mode, while a silicon
layer provides photonic PWG mode. For experimental observa-
tions, Recently, Zheng et al.18 developed a FR-enhanced SPR
sensor, providing an intensity sensitivity enhancement of 356
times higher than conventional SPR sensors. Also, they
observed Fano resonance lines in 2D materials (graphene–
MoS2)-related hybrid nanostructures. More recently, Ruan
et al.19 proposed a multilayer structure employing two planar
waveguides (PWGs) and few layered graphene. Owing to the low
losses of surface plasmon polaritons from graphene layers, the
Fano resonance lines originate from the different quality factors
in two waveguides. Current observations have shown that,
although employing 2D materials can develop the detection
sensitivity, the introduction of 2D material layers is not the
most pivotal factor to generate Fano resonance. However, it can
be included that, instead of conventional metal materials,
29806 | RSC Adv., 2019, 9, 29805–29812
employing ultralow-loss of SPPs material for designing FR-
based photonic device is a promising option.

Fortunately, 2D hexagonal boron nitride (h-BN), which is
known as white graphene,20,21 has shown great potential in
exploiting Fano resonance-enhanced sensors, due to its ultralow-
loss of surface plasmon polaritons,22,23 excellent plasmonic
enhancement,24 and ultrahigh crystal stability.25–27 In addition, the
h-BN nanosheets have not only excellent reliability and compati-
bility with other materials,28 but also can capture aromatic
biochemical molecules by dipole–dipole adsorption force.24

Moreover, the h-BN nanosheets can be employed as planar photon
waveguide for controlling and manipulating light.29–32 It is worth
noting that, h-BN is intrinsically anisotropic, while the averaged
isotropic dielectric constant of h-BN nanosheets with a thickness
up to several hundred nanometers can be measured by optical
approaches.27,33 Unlike other 2D materials (such as graphene,
transition metal dichalcogenides, MXenes, black phosphorous,
and antimonene, etc.), h-BN has a negligible imaginary part of
dielectric constant, indicating that ultralow-loss of polaritons is
possible for h-BN. Inspired by these observations, we theoretically
proposed a novel ultrasensitive FR-enhanced biosensor consisting
of plasmonic silver lm, SiO2 interlayer, and 2D material h-BN
layer. It can be found that, the proposed conguration can
produce multiple-order asymmetric FR lines by modulating the
coupling strength between the PWG mode from the h-BN nano-
sheets and SPPs mode from plasmonic silver lm–silicon hybrid
nanostructure in visible region. Compared with conventional SPR
sensor, our proposed biosensor designed by phase modulation,
can provide a phase detection sensitivity as high as 3.13 � 106

degree per RIU, which is enhanced by almost 100 times. More
This journal is © The Royal Society of Chemistry 2019
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importantly, it is the rst demonstration of FR biosensor with
multiple-order features created by employing promising 2D
material in visible region.
2. Theoretical model and design
consideration

A classical Kretschmann conguration consists of a SF11 prism,
Ag thin lm, SiO2 interlayer, h-BN layer, and sensing medium
(water), as shown in Fig. 1. In our proposed hybrid congura-
tion, all the stacked layers are considered optically isotropic and
non-magnetic. In addition, the Ag–SiO2 hybrid structure can
provide the SPPs mode, which stands for a bright mode having
a broad resonance, while the h-BN nanosheet can provide PWG
mode, which denotes a dark mode with a sharp resonance.
Under the excitation of a p-polarized (TM) incident light at
632.8 nm, the SPPs mode can be excited and propagated along
the Ag–SiO2 interface. Also, the PWG mode can be formed
Fig. 2 (a) Calculated attenuated total reflection spectra based on a Krets
ranging from 27 nm to 57 nm. (b) Calculated FR narrow lines based o
nanostructure by introducing the h-BN layer. (c) Calculated |E| distribut
responding to point B in (b); (e) calculated |E| distribution corresponding t
(b). The excitation wavelength is 632.8 nm.

This journal is © The Royal Society of Chemistry 2019
within the SiO2–h-BN hybrid nanostructure. Once the tail of
SPPs evanescent led overlaps one of the PWG modes, the two
modes can interact each other, ultimately generating narrow FR
lines. Finally, the coupling strength and FR order can be
modulated by varying the thickness of SiO2 interlayer, and h-
BN, respectively.

The refractive indices of stacked components in our
proposed conguration are critical to calculate the FR reec-
tivity and detection sensitivity. Under the excitation of
632.8 nm, the refractive index of SF11 prism, Ag lm, SiO2

interlayer, h-BN, and sensing medium (deionized water) can be
determined to be 1.7786,34 0.14372 + 3.8083i,35 1.457,36 1.65,37

and 1.333, respectively. Considering the anisotropy of h-BN
lm, we employed the averaged refractive index of h-BN lms
to calculate and study the FR sensing performance. Next,
employing the transfer matrix method and Fresnel equations
(ESI†), we systematically calculate the reectance spectra and
the detection sensitivity for a tiny variation in RI.
chmann configuration composed of a single silver film with a thickness
n a Kretschmann configuration composed of silver film/SiO2 hybrid
ion corresponding to point A in (b); (d) calculated |E| distribution cor-
o point C in (b); (f) calculated |E| distribution corresponding to point D in

RSC Adv., 2019, 9, 29805–29812 | 29807
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Fig. 3 (a) Contour plots of the reflection spectra as a function of incident angle and thickness of SiO2 interlayer and the thickness of silver film
and h-BN are 47 nm and 450 nm, respectively. (b) ATR curves with different SiO2 thickness and the thickness of silver film and h-BN are 47 nm
and 800 nm. (c) Q-Factor and the Dq of the FR with various thicknesses of SiO2 and corresponding to (b).
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3. Results and discussion

When the h-BN layer is absent, this hybrid nanostructure
composed of silver lm and SiO2 layer is a traditional SPR
sensor. As shown in Fig. 2a and b, there is a signicant ATR
curve (black dotted curve) with a minimum reectivity as low as
2.28 � 10�4 at an incident angle of 62.4� when the thickness of
silver lm and SiO2 layer are 47 nm and 400 nm, respectively. It
can be shown that, the SPPs mode is effectively excited at the
Ag–SiO2 interface, while the FR cannot be generated in absence
of PWG waveguide. However, the narrow FR lines were
Fig. 4 (a) Calculated FR lines with various thickness of h-BN from 450
thickness. Here, the thickness of silver film and SiO2 layer are 47 nm and

29808 | RSC Adv., 2019, 9, 29805–29812
generated when the h-BN nanosheets with a thickness of
450 nm was stacked onto 400 nm SiO2 lm. Owing to the effi-
cient excitation of PWG pattern, both a sharp band with high
absorption (point A, Fig. 2b) and a sharp peak (point C, Fig. 2b)
with high reectivity of 0.934 were obtained at 51.1�, and 62.4�,
respectively. In addition, the original ATR band provided by the
silver lm–silicon hybrid nanostructures has been divided into
two bands, namely point B, and point D.

To further understand the characteristics of the four reso-
nance bands in Fig. 2b, we calculated the electric-eld |E|
distributions based on our proposed conguration, as shown in
nm to 800 nm. (b) Q-Factor and the Dq of the FR with different h-BN
700 nm, respectively. The excitation wavelength is 632.8 nm.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2c–f. One can see that, when the incident angle is at 51.1�

(corresponding to point A), the coupling between the SPPs
mode and the PWG mode is not fully achieved, as shown in
Fig. 2c. In addition, for the point B and point D, Fig. 2d and f
show that the SPPs mode and PWG modes cannot couple with
each other, resulting in two hybrid modes at 61.4� and 63.2�,
respectively. However, Fig. 2e clearly shows that the SPPs mode
and PWG mode are completely coupled at an incident angle of
62.4� (point C). It is worth noting that, the electric intensity
corresponding to point A is larger than that of point C. The
reason is that, the FR line corresponding to point C is closer to
the broad SPR band than point A. Only the PWG mode (dark
mode) from the h-BN layer was successfully observed, while the
SPPs mode from silver lm–silicon hybrid nanostructures
(bright mode) is strongly suppressed, due to the destructive
interference of the two pathways. Our observations are very
similar to the electromagnetically induced transparency (EIT)
mechanism in an atom system,38 as well as the destructive
interference of two pathways could cancel the bright mode. In
our proposed conguration, there are also two pathways: (1) the
incident light / SPPs mode; (2) the incident light / SPPs
mode / PWG mode / SPPs mode.

Next, we systematically studied how the thickness of SiO2

interlayer inuences the FR lines, as shown in Fig. 3a and b.
Prior to the calculation, the thickness of h-BN was set to be
450 nm. Fig. 3a shows the calculated map of reection spectra
when the thickness of SiO2 interlayer varied from 0 to 900 nm. It
can be found that, the SiO2 layer can serve as a coupling layer,
and the coupling strength between SPPs mode and PWG mode
is highly related with its thickness. It is worth noting that, the
obtained typical FR shape based on our proposed conguration
has a resonant peak and a resonant dip locating at the low
incident angle and high incident angle sides, respectively. As
the thickness of SiO2 layer increases, the narrow FR resonant
peak is closer towards the broad SPP resonance band, resulting
Fig. 5 (a) Variation in reflectivity with respect to the refractive index of se
resonance curve before (1.333) and after (1.3331). (b) Variation in differen
1.333 to 1.3331. Inset shows the differences in the resonance curve befo

This journal is © The Royal Society of Chemistry 2019
in weaker coupling between the bright mode and the dark
mode. Typically, when the thickness of SiO2 layer is larger than
700 nm, the FR line will become weak. The reason is that, as the
thickness of SiO2 layer increases, the tail of SPPs is gradually far
from the PWG mode, resulting in weak coupling strength
between SPPs mode and PWG mode. In order to evaluate the
coupling strength, we introduce a parameter Q-factor, which
can be dened as q/Dq, where q stands for the resonant angle of
FR line, and Dq denotes the difference between the FR peak and
dip. As shown in Fig. 3c, for a typical FR, the thicker the
thickness of SiO2 layer, the stronger the coupling strength; the
resonance becomes narrower, resulting in a higher Q-factor.

In addition, it also can be found that, the thickness of h-BN
layer can determine the position of FR line, as shown in Fig. 4a.
When the thickness of SiO2 layer was set to be 700 nm, the sharp
asymmetrical FR line gradually moves towards the large-
incident direction as the h-BN thickness was tuned from
450 nm to 800 nm. The reason is that, the thicker the h-BN layer,
the higher the refractive index of PWG mode. Thus, it needs to
larger incident angle to satisfy the coupling condition. In
addition, Fig. 4b also shows that, the thicker the h-BN layer, the
smaller the Dq, and the higher the Q-factor.

To study the sensing performance based on our proposed FR
conguration, we calculated both phase and intensity detection
sensitivity for a tiny variation in refractive index of sensing
interface from 1.333 to 1.3331, as shown in Fig. 5. The thickness
of silver lm, SiO2 layer, and h-BN nanosheets were assumed to
be 47 nm, 700 nm, and 800 nm, respectively. The calculated
results show that, the higher RI, the position of FR resonance
moves towards larger incident angle. Fig. 5a shows the reec-
tivity change for a variation in refractive index. For intensity
modulation, the optimal position locates at the sharp jump
point between resonance peak and resonance dip. There is
a maximum difference up to 0.33624 (the inset in Fig. 5a, DR ¼
0.33624, DR represents a change in reectivity for a tiny
nsing interface from 1.333 to 1.3331. Inset shows the differences in the
tial phase with respect to the refractive index of sensing interface from
re (1.333) and after (1.3331).

RSC Adv., 2019, 9, 29805–29812 | 29809
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variation in RI as low as 0.0001 RIU) when the incident angle is
65.4611�. Thus, our proposed FR conguration can provide an
intensity sensitivity of 3.36 � 103 per RIU, superior to conven-
tional intensity-modulation SPR sensors. However, when our
proposed conguration integrated with phase modulation
method, it needs to introduce another s-polarized light beam,
which can interfere with the p-polarized light beam employed
for exciting FR. As only p-polarized light has phase jump, the
differential phase of FR can be extracted from the interference
pattern between p-polarized light and s-polarized light. As
shown in Fig. 5b, the variation in differential phase can be
modulated by varying the RI variation of sensing interface.
When the incident angle is 65.4614�, the maximum variation in
differential phase is 312.64814� (the inset in Fig. 5b), providing
an ultrahigh phase detection sensitivity as high as 3.13 � 106

degree per RIU. However, when our proposed conguration
shows the largest differential phase, the obtained high reec-
tivity of p-polarized light is 0.0657, which is still much higher
than that of phase-modulation SPR sensor (silver lm/SiO2:
Fig. 6 (a) Map of reflection spectra as a function of incident angle when
lines denote the position of multiple FR lines, and the dashed blue line sta
incident angle when the thickness of h-BN layer ranges from 300 to 800
shown in (c), (d), (e), and (f), respectively. The excitation wavelength is 6

29810 | RSC Adv., 2019, 9, 29805–29812
0.00022). Limited by its low reectivity, conventional phase-
modulation SPR sensor needs to tune the incident angle of
0.001� deviating from the optimal resonance angle for obtain-
ing the p-polarized light signal. However, beneting from its
high reectivity, our proposed conguration needn't change the
optimal position of incident angle. For the SPR sensor con-
sisting of 47 nm Ag thin lm/SiO2 layer, it can produce
a maximum differential phase variation up to 313.74675� for
a change in RI of 0.01, and the phase detection sensitivity is 3.14
� 104 degree per RIU. Therefore, our proposed conguration
can achieve an EF of 100 compared to conventional phase-
modulation SPR sensor. Moreover, the phase-modulation SPR
sensor can offer a detectable limit of 0.001 degrees,39 while our
proposed FR conguration can provide an ultralow detection
limit of 10�9 RIU, resulting in ultrahigh detection accuracy and
resolution.

Finally, owing to the addition of h-BN layer, the obtained
ATR spectrum in Fig. 2b shows two individual resonance bands,
indicating that there are the characteristics of multiple-order
the thickness of h-BN layer ranges from 0 to 1000 nm. The dashed red
nds for the position of SPR band. (b) Reflection spectra as a function of
nm. The electric field distributions corresponding to I, II, III, IV in (a) are
32.8 nm, and the thickness of SiO2 layer is fixed to 700 nm.

This journal is © The Royal Society of Chemistry 2019
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Fano resonances in our proposed conguration. To further
exploit the coupling mechanism, we systematically studied the
ATR spectra by varying the thickness of h-BN ranging from 0–
1000 nm, as shown in Fig. 6. When the thickness of silver lm
and SiO2 layer were xed to 47 nm and 700 nm, Fig. 6a and
b show that, the Fano resonances have a signicant red-shi
and the number of Fano resonances increases with the
change of the h-BN thickness (300–800 nm). Typically, there are
four Fano resonances (I, II, III, IV) when the thickness of h-BN is
set to be 800 nm. It can be assumed that, the obtained multiple-
order Fano resonances depends on the partial coupling between
SPPs mode and the different-order PWGmodes. To conrm our
proposal, the distributions of electric eld were calculated, as
shown in Fig. 6c–f. The four Fano resonances (I, II, III, IV)
correspond to rst-order, second-order, third-order, and fourth-
order, respectively. Fig. 6c shows that the electric eld distri-
bution based on the rst-order Fano resonance is completely
concentrated within the h-BN layer and has no eld nodes, due
to the complete coupling between the SPPs mode and the TM0

PWG mode. Noting that, the number 0 in TM0 PWG mode
denotes that there is no eld node. In addition, Fig. 6d shows
that the electric eld distribution based on second-order Fano
resonance is concentrated in both the SiO2–h-BN and h-BN–
sensing medium layer interface and has one eld nodes, indi-
cating that the SPPs mode and the TM1 PWG mode coupled
completely. For the third-, fourth-order Fano resonances, Fig. 6e
and f show that the electric eld distributions are concentrated
at Ag–SiO2 interface, Ag lm layer, respectively. As the PWG
modes (TM2, TM3) cannot be completely coupled with SPPs
mode, there are two and three eld nodes, respectively. There-
fore, the characteristics of multi-order Fano resonances in our
proposed conguration can pave the way for designing high
sensitivity sensors based on the strong FR coupling.
4. Conclusions

This paper proposed a phase-modulation FR biosensor by
stacking 2D material h-BN nanosheets onto the silver–SiO2

interface. Owing to its characteristic of ultralow-loss of SPPs, the
h-BN nanosheets act as a guiding layer and provide PWGmode.
In addition, the h-BN nanosheets also can capture aromatic
biochemical molecules by dipole–dipole adsorption force,
which can signicantly develop the absorption efficiency. The
calculated results showed that, the introduction of h-BN
nanosheets can produce multiple-order Fano resonances and
PIT, depending on the coupling strength between SPPs mode
and PWG mode. Unlike conventional phase-modulation SPR
sensors, our proposed conguration can produce high reec-
tivity of 0.934, which is high desirable for further phase
extraction. More importantly, phase modulation of our
proposed FR conguration is signicantly more sensitive than
intensity modulation, and a promising detection sensitivity can
be obtained as high as 3.13 � 106 degree per RIU. Based on the
FR coupling mode, our proposed conguration can be a prom-
ising candidate for exploiting novel plasmonic sensors with
high sensitivity and resolution for practical applications.
This journal is © The Royal Society of Chemistry 2019
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