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Abstract: Due to lower out-of-plane electrical conduc-
tance, black phosphorus (BP) provides a suitable host
material for improving the sensitivity of biosensors. How-
ever, BP oxidizes easily, which limits practical applica-
tions. In this article, we propose a sensitivity-enhanced
guided-wave surface plasmon resonance (GWSPR)
biosensor based on a BP–graphene hybrid structure. This
BP–graphene hybrid structure exhibits strong anti-
oxidation properties and exceptional biomolecule-
trapping capability, which improve the stability and
sensitivity of GWSPR biosensors, respectively. We show
that the proposed GWSPR biosensor can distinguish
refractive indices in the range of 1.33–1.78 RIU (RIU is the
unit of RI), and the sensitivity reaches a maximum of
148.2°/RIU when the refractive index of sensing target is
1.33 RIU. The high sensitivity and broad detection range
indicate that the proposed biosensor could significantly
impact fields such as biological and chemical detection.

Keywords: biosensor; black phosphorus; graphene; hybrid
structure; surface plasmon resonance.

1 Introduction

Surface plasmons are localized waveguide modes that
propagate metal surfaces and are produced by coupling
electromagnetic waves with electrons [1]. Once the mo-
mentum between the incident photons and surface plas-
mons is matched by manipulating the incidence angle,
surface plasmon resonance (SPR) appears, and the re-
flected light will significantly decay [1, 2]. Because the SPR
effect is sensitive to the refractive index (RI) of the sensing
target, the changes of RIwill lead to a significant shift in the
resonance angle, which enables an efficient way to
distinguish RIs [3, 4]. Various biosensors that use the SPR
effect have been widely applied in the fields of environ-
mental monitoring [5, 6], medical diagnostics [7, 8], food
safety [9, 10], and biochemistry [11, 12]. Among these bio-
sensors, angle of incidence interrogation schemes are
ubiquitous for detecting RIs but often suffer from low
sensitivity [13–15]. To increase sensitivity, a silicon (Si) film
can be coated on the metal surface to build guided-wave
surface plasmon resonance (GWSPR) biosensors. Silicon is
ideal because of its high RI and ease of deposition. Because
the SPR effect is sensitive to analytes with high RI, the
silicon film can interact with the sensing target to improve
the effective RI of analytes [16]. To achieve high sensitivity,
the coupling prism with low RI is required because the
variation of resonance angle increases with the decrease of
coupling prims’ RI, which results in enhanced sensitivity.
However, this coupling prism will reduce the detection
range because of the increased resonance angle [15].
Hence, there appears to be a trade-off between sensitivity
and detection range.

Apart from significantly altering the detection mech-
anism, optical materials with a high sensing capacity can
be used to greatly enhance the sensitivity of GWSPR bio-
sensors [17, 18]. Two-dimensional (2D) materials, such as
graphene [19], transition metal dichalcogenides (TMDCs)
[20], topological insulators [21], and black phosphorus (BP)
[22], have been widely studied in biosensors for their high
biocompatibility and biomolecule-trapping capability.
Recently, graphene and TMDCs have been introduced to
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SPR biosensors to improve sensitivity and more than twice
the sensitivity was achieved [23, 24]. But the sensing per-
formance is limited because these 2Dmaterials have a large
extinction coefficient, which could cause unwanted energy
loss [24]. Comparedwith conventional 2Dmaterials, BP has
a relatively small extinction coefficient, which can be used
to minimize loss. Additionally, they have a high molecular
adsorption energy that makes it ideal for trapping bio-
molecules [25, 26]. And BP also has a more sensitive
response to the target analytes, and the natural sensing
capacity is about ∼20 times than MoS2 like 2D materials
because of the high molar response factor [27]. These ad-
vantages suggest that BP is a suitable material for GWSPR
biosensors. However, BP will oxidize in natural environ-
ments, which makes BP-based biosensors intrinsically
instable [28].

BP–graphene hybrid structures have attracted signifi-
cant attention because they retain BP’s optoelectronic char-
acteristics and address the oxidation problem. By coating
graphene on the surface of BP, a bilayer structurewith stable
carbon-based atomic rings is formed. This structure sepa-
rates the BP fromair, which not only reduces the oxidation of
BPbut alsomaintains its sensitive response to targetanalytes
[29–31]. Hence, we propose and investigate a BP–graphene
hybrid structure GWSPR biosensor. It has an excellent
detection capability for the medium with the RI ranges from
1.33 to 1.78 RIU (RIU is the unit of RI). By adjusting the
number of BP layers and the thickness of Si films, the
sensitivity reaches a maximum of 148.2°/RIU when the RI of
the sensing target is 1.33 RIU. These results imply that this
BP–graphene GWSPR biosensor breaks the long-standing
trade-off betweensensitivity anddetection range,whichmay
greatly enhance applications in biological sensing, medical
detection, and biochemistry.

2 Structural design and theoretical
analysis

Figure 1 shows the schematic of the GWSPR biosensor. As
shown in Figure 1a, a chalcogenide (2S2G) glass is chosen
as the coupling prism, an aluminum (Al) film (35 nm) is
employed as the metal layer for exciting Surface Plasmon
Polaritons (SPP), and a Si film (dSi = 14 nm) is used as the
substrate layer. Then, BP is coated on the surface of the Si
film, and a graphene layer is covered on the BP layers as the
molecular recognition element. The thickness of BP is
dBP = L × 0.53 nm, where the thickness of monolayer BP is
0.53 nm, and L is the number of BP layers. The thickness of

graphene is dG = S × 0.34 nm, where the thickness of
monolayer graphene is 0.34 nm, and S is the number of
graphene layers. Figure 1b describes the working sche-
matic diagram. As shown in Figure 1b, the Transverse
Magnetic (TM)-polarized light with the wavelength of
λ = 633 nm is used as an exciting source because the SPR
effect can just be excited by TM polarization [1–3], and the
BP–graphene hybrid structure is used to enhance the
sensitivity of the biosensor. Because of the carbon-based
atomic rings, biomolecules will be adsorbed on the surface
of BP–graphene hybrid structure [3], and the resonance
angle of biosensor will change with sensing targets, which
can be used to detect the RI shift.

The coupling prism is designed by 2S2G, which is an
isotropic material, and its RI can be expressed as follows
[32]:

n2S2G � 2.24047 + 2.693 × 10−2

λ2
+ 8.08 × 10−3

λ4
(1)

where λ is the wavelength of incident light.
With the Drude–Lorentz model, the RI of the Al film

can be expressed as follows [33]:

nAl � 1 − λλ2c
λ2p(λc + iλ) (2)

where λp = 1.0657 × 10−7 m and λc = 2.4511 × 10−5 m, which
are the plasma and collision wavelengths of Al,
respectively.

The RI of graphene in the visible range is estimated to
be nG = 3.0 + iC1λ/3, where C1 ≈ 5.446 μm−1, and λ is the
wavelength [34]. The few-layer BP can be approximately
regarded as an isotropic material at the working wave-
length of 633 nm where BP is polarization independent,
and its RI is nBP = 3.5 + 0.01i [26, 35, 36].

Here, we use the transfer matrix method to simulate
the optical field. All layers are perpendicularly stacked to
the prism. Each layer is defined with the thickness dk,
dielectric constant εk, and refractive index nk. The first
tangential fields and the final boundary are set as Z = Z1 = 0
and Z = ZN−1, respectively. Their relationship can be given
as follows [37]:

[U1

V1
] � M[UN−1

VN−1
] (3)

where U1 and V1 are the tangential components of electric
and magnetic fields at the boundary of first layer, respec-
tively. UN and VN represent the Nth layer. M is the transfer
matrix of the designed structure, which can be expressed
as follows [37]:
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M � ∏
N−1

k�2
Mk � [M11 M12

M21 M22
] (4)

Mk � [ cos βk (−i sin βk)/qk
−iqk sin βk cos βk

] (5)

where θin is the incident angle qk � (εk − n2k sin
2  θin)1/2/εk,

and βk � 2πdk/λ(εk − n2
1 sin

2  θin)1/2. Hence, the amplitude
reflection coefficient can be inferred as follows [38]:

rp � (M11 +M12qN)q1 − (M21 +M22qN)(M11 +M12qN)q1 + (M21 +M22qN) (6)

Finally, the reflectance (R) of the structure is given by
the following equation:

R � ∣∣∣∣rp∣∣∣∣2 (7)

Because the resonance angle changes with the RI of
sensing targets (ns), the sensitivity of the GWSPR biosensor
can be defined as S = dθ/dns.

3 Results and analysis

3.1 Performance of the GWSPR biosensor

Sensitivity, detection range, and figure-of-merit (FOM) are
the fundamental parameters to measure the performance
of biosensors. Sensitivity is the responsivity of biosensors
in sensing targets, detection range corresponds to the
detected RI area of sensing targets, and FOM refers to the
detection accuracy of SPR biosensors, which can be
expressed as FOM = S/FWHM, where the FWHM is the full
width at half maximum. High sensitivity and FOM are
required to achieve the effective identification of sensing
targets. Here, we will discuss the sensitivity, detection
range, and FOM of the biosensor.

To evaluate the sensitivity performance, we
compared three different structures: a SPR, a GWSPR, and
the BP–graphene hybrid structure GWSPR biosensor. The

reflectance of various structures as the function of inci-
dent angles is shown in Figure 2. Conventional SPR bio-
sensors often have a typical structure of which the prism is
covered by a single metal film, as shown in Figure 2a [32].
For comparison, an Al thin film is used as the metal film
with a thickness of 35 nm, where the maximum reflec-
tance with the corresponding resonance angle is ob-
tained. Figure 2a shows the reflectance evolution as
incident angles with ns = 1.330 RIU and ns = 1.335 RIU (the
RI of sensing target), respectively. From the figure, the
resonance angle changes ∼0.162° when ns varies from
1.330 to 1.335 RIU. Therefore, the sensitivity of SPR bio-
sensors is estimated to be 32.4°/RIU. Also, we designed a
GWSPR biosensor, and a sensitivity of 51.8°/RIU is ob-
tained when a Si film with a thickness of 14 nm is coated
on the Al film, indicating that the GWSPR structure can
enhance the sensitivity of SPR biosensors, as shown in
Figure 2b [24]. As presented in Figure 2c, when a BP
monolayer is covered on the Si film, the resonance angles
shift by 0.267°, and the sensitivity increases to 53.4°/RIU,
which indicates that BP can increase the sensitivity of
GWSPR biosensor. To reduce the oxidation of BP, gra-
phene is coated on the surface of BP to form the BP–
graphene hybrid structure. Graphene has excellent
oxidizing resistance because of the strong in-plane sp2

hybridization bonds in the honeycomb lattice [39]. Over-
coming interface defects, graphene is easy to be combined
with BP to form BP–graphene hybrid structures through
the chemical bonding of phosphorus and carbon (P–C)
[40]. This structure separates the BP from air, which not
only reduces the oxidation of BP but also maintains its
sensitive response to target analytes [29–31]. Figure 2d
shows the reflectance curves with the numbers of BP and
graphene layers are L = 1 and S = 1, and the sensitivity of
54.2°/RIU is obtained. The comparison of the resonance
angle changes and sensitivities of above four biosensors
are shown in Table 1. We found that the resonance angle
shifts in the BP–graphene hybrid structure are larger than
that in traditional SPR and GWSPR structures due to its

Figure 1: Scheme diagram of the guided-
wave surface plasmon resonance (GWSPR)
biosensor with a BP–graphene hybrid
structure. (a) Structure and (b) work princi-
ple of the GWSPR biosensor. BP, black
phosphorus.
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excellent sensitive response to target analytes. Hence, we
conclude that the BP–graphene hybrid structure can
enhance the sensitivity of GWSPR biosensors.

To evaluate the RI detection range, we investigated the
reflectance curves under different sensing targets, as
shown in Figure 3. The GWSPR biosensor can detect the RI
of 1.33 RIU (RI of water is 1.33 RIU, which can be used to
dissolve biomolecules) and be applied to identify other
sensing targets. Generally, the resonance angles shift to
larger angles as the RI increases. The resonance angles are
44.596°, 50.360°, 57.006°, and 65.074° for ns = 1.33, 1.43,
1.53, and 1.63, respectively. Because only a small variation
in the RI induces a large shift in the resonance angle, the
biosensor can be used to detect a broad range of RIs.

The FOM is another critical parameter, which describes
the resolution of biosensors. We plotted the evolution of
sensitivity and FOM as the increase of RI, where the

number of the BP and graphene layers is L = 1 and S = 1,
respectively, and the results are presented in Figure 4a. As
the RI increases from 1.33 to 1.78 RIU, the sensitivity will
increase first and then decrease. The peak sensitivity of
189.6°/RIU appears at RI = 1.77 RIU. As shown in Figure 4a,
the FOM decreases slowly first and then increases sharply.
A minimum value of 14.68 appears when RI = 1.665. This
phenomenon may be caused by the growth rate difference
between the sensitivity and FWHM. The sensitivity
enhancement is larger than the FWHM if the RI larger than

Figure 2: Reflectance of various structures as
the function of incident angles. (a) Surface
plasmon resonance (SPR) biosensor
composed of chalcogenide (2S2G) coupling
prism and aluminum (Al) film; (b) guided-
wave surface plasmon resonance (GWSPR)
biosensor composed of a silicon (Si) film
with a thickness of 14 nm on the Al film;
(c) black phosphorus (BP)–based GWSPR
biosensor covering a BP monolayer on the
surface of GWSPR biosensor; (d) proposed
GWSPR biosensor coating a BP monolayer
and a graphenemonolayer on the surface of
GWSPR biosensor.

Table : Resonance angle changes and sensitivities of four bio-
sensors when the RI of sensing target is . RIU.

Biosensor
structure

SPR GWSPR BP
GWSPR

BP–graphene
GWSPR

Resonance
angle
changes

.° .° .° .°

Sensitivity .°/RIU .°/RIU .°/RIU .°/RIU

SPR, surface plasmon resonance; GWSPR, guided-wave surface
plasmon resonance; BP GWSPR, black phosphorus guided-wave
surface plasmon resonance.

Figure 3: Reflectance curves change with incident angles for
different sensing targets (different refractive indices [RIs]) where the
thickness of silicon (Si) films is 14 nm, and the number of the black
phosphorus (BP) and graphene layers is L= 1 and S= 1, respectively.
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1.665 RIU, which leads to a rapid increase of the FOM. From
Figure 4a, the biosensor can operate over a RI detection
range of 1.33–1.78 with high sensitivity and FOM. More-
over, the sensitivity and detection range of the biosensor
can be adjusted by changing the number of BP layers while
keeping graphene unchanged, as shown in Figure 4b. The
sensitivity enhances with the increase of BP layers while
the RI detection range decreases, which means that the
detection range of the proposed GWSPR biosensor can be
controlled according to actual needs.

3.2 Geometry effect of theGWSPRbiosensor

According to the discussion above, the number of BP
layers has a positive effect on the performance of GWSPR
biosensors. To obtain an optimum sensitivity, we further
discuss the influence of BP/graphene layers and the

thickness of Si film. Figure 5a shows the sensitivity versus
the number of BP layers. The number of graphene layers is
kept to S = 1, the thickness of Si film is 14 nm, and the RI of
the sensing target is 1.33 RIU. As shown in Figure 5a, the
sensitivity increases rapidly at first and then drops. When
the number of BP layers is L = 16, an optimum sensitivity
of 141.8°/RIU is obtained [32]. This can be explained as
follows: as the continuous increase of BP layers, the
resonance angle will move to 90°, but the detection angle
cannot reach 90°. Thus, the sensitivity will drop. Figure 5b
shows the sensitivity as the number of graphene layers
increases, where the layer of BP is L = 1, and the thickness
of Si film is 14 nm. Similar to the BP layers, an optimum
sensitivity of 78.2°/RIU can also be obtained when the
number of graphene layer is 22. However, the improve-
ment of sensitivity is much smaller than that of increasing
the BP layers. Through optimizing the number of BP
layers and graphene layers, we obtain an optimum

Figure 4: (a) Sensitivity and figure-of-merit
(FOM) change with the refractive indices
(RIs) of sensing targets where the thickness
of silicon (Si) films is 14 nm, and the number
of the black phosphorus (BP) and graphene
layers is L = 1 and S = 1, respectively;
(b) sensitivity changeswith BP layers where
the thickness of Si films is 14 nm, and the
number of graphene layers is S = 1.

Figure 5: Sensitivity changes with various
structure parameters when the refractive
index (RI) of sensing target is 1.33 RIU, and
the thickness of silicon (Si) film is 14 nm. (a)
The number of the black phosphorus (BP)
layers where the number of the graphene
layers is S = 1; (b) number of the graphene
layers where the number of the BP layers is
L = 1; (c) number of the BP and graphene
layers; (d) number of the BP layers and the
thickness of Si filmwhere the number of the
graphene layers is S = 1.
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sensitivity of 141.8°/RIU at L = 16 and S = 1, as shown in
Figure 5c. Evidently, the graphene does not significantly
affect the sensitivity enhancement. The primary functions
of the graphene are to defend BP from oxidation and to act
as a macromolecular trapping mechanism. Through
optimizing the number of BP layers and the thickness of Si
film on sensitivity, we obtain an optimum sensitivity of
148.2°/RIU at L = 2 and dSi = 20 nm, as shown in Figure 5d.
Thus, to further enhance the sensitivity, the number of BP
layers and the thickness of Si filmmust be simultaneously
optimized. Furthermore, we discuss the combined effect
of the number of BP layers and the thickness of Si films
when the sensing targets have different RIs, as shown in
Figure 6. The results show that the sensitivities with a
specific RI can be optimized by adjusting the layer of BP
and the thickness of Si film, and the optimum sensitivities
are 155.2°/RIU, 166°/RIU, 175.2°/RIU, 186.2°/RIU with the
RI of 1.43 RIU, 1.53 RIU, 1.63 RIU, 1.73 RIU, respectively,
which are shown in Table 2.

3.3 Discussion

In this work, we propose a sensitivity-enhanced GWSPR
biosensor based on the BP–graphene hybrid structure. The
BP–graphene hybrid structure is coated on the surface of
GWSPR biosensor to enhance the sensitivity because of the
high antioxidant property and excellent sensitive response
to target analytes. Different from other 2D material–based
GWSPR biosensors, the sensitivity enhancement mainly
attributes to the natural sensing properties of BP–graphene
hybrid structure rather than the use of coupling prisms
with low RI, making the GWSPR biosensor to have a broad
detection range (RI ranges from 1.33 to 1.78). Because of the
low out-of-plane electrical conductance, the maximum
sensitivity of the proposed GWSPR biosensor is more than
twice as the reported SPR biosensors that have broad
detection ranges [33]. Moreover, the GWSPR biosensor can
be designed with the actual need because the sensitivity
and detection range can be controlled by increasing the BP
layers.

The few-layer BP can be approximately regarded as an
isotropic material at the working wavelength of 633 nm
where BP is polarization independent. However, when the
workingwavelengths are in the 480 and 600 nm range, this
biosensor is polarization dependent because of the
anisotropy of few-layer BP caused by the RI difference in
armchair (AC) and zigzag (ZZ) direction. To evaluate the
anisotropy,we design the GWSPRbiosensorswith different
working wavelengths and compare their reflectivity curves
when the polarization of incident light is parallel to AC and

Figure 6: Sensitivity changes with the
number of black phosphorus (BP) layers
and the thickness of silicon (Si) film when
the refractive index (RI) of sensing target is
(a) 1.43 RIU, (b) 1.53 RIU, (c) 1.63 RIU, and
(d) 1.73 RIU, where the number of the
graphene layers is S = 1.

Table : Sensitivities of the GWSPR biosensor with optimized BP
layers and thickness of Si films for different sensing targets
(different RIs).

RI . . . . .

Number of BP layers     

Thickness of Si film (nm)     

Sensitivity (°/RIU) . .  . .

RI, refractive index; BP, black phosphorus; GWSPR, guided-wave
surface plasmon resonance.
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ZZ direction. The results are shown in Figure 7. In the
simulations, the number of graphene and BP layers is fixed
as S = 1 and L = 1, while the thickness of Al and Si films is set
as 35 and 7 nm, respectively. Figure 7 presents the reflec-
tivity curves when the polarization of incident light is
parallel to the AC and ZZ direction. As shown in Figure 7,
the resonance angles shift from 43.76° to 43.63°, 41.05° to
40.94°, and 39.64° to 39.58°when the polarization changes
from ZZ to AC direction with the wavelength of 500, 520,
and 540 nm, respectively. It indicates the resonance angle
relates to polarization, which may provide a possibility to
detect sensing targets that has polarization-dependent RI.

4 Conclusion

In conclusion, we proposed a novel GWSPR biosensor with
high sensitivity based on a BP–graphene hybrid structure.
The number of BP layers and the thickness of Si films are
used to adjust the sensitivity, while the graphene mono-
layer was applied as the macromolecular recognition
element. The results show that the detection range of the
proposed GWSPR biosensor ranges from 1.33 to 1.78, and
the sensitivity improves with the increase of the RI of
sensingmediums, which can be adjusted by increasing the
BP layers if the RI detection range is satisfied. Besides, the
optimum sensitivity of 148.2°/RIU is obtained, which is
higher than that of the reported SPR biosensors that have
broad detection ranges. It is indicated that the proposed
biosensor has both the high sensitivity and broad detection
range, which may have a potential perspective in optical
sensing technology.
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