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A B S T R A C T   

We theoretically present a broadband modulator based on graphene/black phosphorus hetero
structure which can work over a large waveband from visible (VIS) to mid-infrared (MIR) regions. 
By utilizing the angle dependence of black phosphorus, surface plasmon polaritons (SPP) mod
ulation can be achieved in VIS regime, while the wavelength is tuned within the near-infrared 
(NIR) or MIR regions, the enhanced modulation depth can be achieved by few-layer graphene 
films. Results show that the proposed plasmonic modulator exhibits a broad waveband from 400 
nm to 3 μm. In addition, this proposed modulator features high modulation depth (MD), low 
insertion loss (IL), large 3-dB modulation bandwidth and small power consumption from VIS to 
MIR regions. Our work may extend the operation waveband of opto-electro devices based on the 
hybridized 2D materials and would promote their potential future applications.   

1. Introduction 

In recent years, graphene-based optical waveguide modulators have been intensively researched and demonstrated due to the 
extraordinary properties of graphene, including the ultrafast carrier mobility, tunable tunability and sound compatibility with 
Complementary Metal Oxide Semiconductor (CMOS) [1–4]. To further address the issue of weak light-matter interaction in this 
modulator, surface plasmon polariton (SPP) has been proposed as a solution to enhance the light-matter interaction, and massive 
research of modulators based on graphene surface plasmons (GSP) have been studied, including the all-optical plasmonic modulators 
[5–11]. Apart from SPP, few layers graphene has also been exploited to optimize light-matter interaction in graphene-based modu
lators [12,13]. Although GSP has been widely used in the modulation application and exhibits excellent performances, modulators 
working in the visible (VIS) regime are rarely investigated and due to the relatively small modulation depth (MD) in mid-infrared 
(MIR) regions, there is still no report of graphene-based modulator that can work through a large waveband from VIS to MIR regime. 

In fact, black phosphorus has a tunable direct bandgap (0.3 eV–2 eV) which can compensate graphene, indicating that black 
phosphorus has the potential to work through a large waveband from VIS to MIR regions [14–16]. With the fast pace of van der Waals 
heterostructures’ research, graphene/black phosphorus heterostructure has drawn a lot of interest and focus amongst the research field 
[17–21], and the combination of them into the graphene/black phosphorus heterostructure may usher into some interesting phe
nomena and functions. Various devices have been designed and investigated based on graphene/black phosphorus heterostructure, 
including photodetectors [22,23], field effect transistors (FET) [24], and absorbers [25,26]. Recently, SPP characteristics of gra
phene/black phosphorus heterostructure have also been investigated and utilized to achieve certain devices [27,28], which would 
contribute to manipulating light at nanoscale by further enhancing the light-matter interaction via SPP. Besides, black phosphorus 
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owns strong in-plane anisotropy and exhibits the angle dependence in the SPP characteristics [29,30]. Therefore, through tuning SPP 
characteristics of graphene/black phosphorus heterostructure, the advantages of both materials would be creatively combined while 
the bottlenecks of both materials would be compensated. Lately, we have presented an all-optical plasmonic modulator based on 
graphene/black phosphorus heterostructure which could work within the VIS regime [31]. However, how to extend the modulator 
waveband from VIS to MIR regime is still a challenge. 

In this paper, we proposed a broadband modulator based on graphene/black phosphorus heterostructure with enhanced MD. By 
actively tuning the incident light angle of black phosphorus, this plasmonic modulator was configured in an all-optical way within the 
VIS regime. On the other hand, in near-infrared (NIR) and MIR regions, five-layer graphene has been utilized to further enhance the 
MD, this plasmonic modulator was functioning in an electro-optic modulation way. Comparing to the recently reported all-optical 
plasmonic modulator [31], the proposed modulator could operate form 400 nm to 3 μm, spanning from VIS to MIR regimes. Be
sides, it also addressed the issue of weak MD in MIR regime. As a result, this proposed plasmonic modulator featured large ER, MD, and 
3-dB modulation bandwidth as well as small insertion loss (IL) and power consumption, which would provide potential methods in 
building and optimizing angle-dependent plasmonic devices in future nanophotonics. 

2. Principle and device structure 

Fig. 1(a) shows the proposed broadband graphene/black phosphorus modulator featuring few-layer graphene films. The whole 
modulator is constructed onto the Si/SiC substrate whose length l and height h are 800 nm and 400 nm, respectively, among which the 
height of Si and SiC is 350 nm and 50 nm, respectively. The refractive indices of Si and SiC are 3.46 and 2.57, respectively. The 
heterostructure consists of the mono-layer graphene, Al2O3, five-layer graphene and black phosphorus from bottom to top view, and 
the cross-sectional view of the proposed modulator is depicted in Fig. 1(b). The refractive index and thickness of Al2O3 film are set as 
1.746 and 10 nm, respectively. The thickness of mono-layer graphene and black phosphorus are both specified as 0.34 nm. Two Au 
electrodes are each 100 nm in height and connected to the top and bottom graphene sheets, respectively. 

In practical manufacturing, graphene sheets can be prepared by chemical vapor deposition (CVD) method and formed by the 
standard UV lithography. The mono-layer graphene sheet is first transferred on the SiC as the bottom graphene layer, Al2O3 film of 10 
nm thickness is then uniformly deposited on the bottom mono-layer graphene sheet, since its adhesion and conductivity are in sound 
accordance with the graphene layer, the five-layer graphene films are then transferred onto the Al2O3 film, serving as the top graphene 
sheets. Black phosphorus can be mechanically exfoliated onto Polydimethylsiloxane (PDMS), and attached to the three-axis micro
meter stage. Then immediately, black phosphorus on PDMS is positioned upside down and transferred on top graphene sheets using 
three-axis micrometer stage and optical microscope, removing the PDMS film. Standard UV lithography and oxygen plasma etching 
techniques are used to define the area of the graphene/black phosphorus heterostructure. In addition, by metal deposition and liftoff 
process, two Au electrodes can be deposited and connected to the top and bottom graphene sheets, respectively. Thus, by exerting 
applied voltage on the top and bottom graphene sheets, optical properties of the whole heterostructure would be accordingly tuned. 

Based on the proposed graphene/black phosphorus heterostructure, we first studied the SPP modulation capability in VIS regime. 
According to the SPP theory and Kubo formula [32], the minimum chemical potential of graphene μc to stimulate SPP waves through 
the VIS regime was calculated to be from 1.06 eV (λ = 780 nm) to 2.32 eV (λ = 400 nm), here we set μc as 2.5 eV. The dispersion of 
proposed graphene/black phosphorus heterostructure was investigated and derived as [32,33]: 

kSPP =
πℏ2

e2μc
ε0(εr + εBP)ω

(

ω+
i
τ

)

(1) 

Fig. 1. Diagram of the proposed graphene/black phosphorus modulator. (a) 3D schematic view of the modulator; (b) cross sectional view of the 
modulator; (c) the in-plane anisotropy of black phosphorus. 
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Where εBP and εr indicate the dielectric constant of black phosphorus and SiC, respectively, and ω is the optical frequency. It should be 
noted that εBP is composed of real (έBP) and imaginary part (εʹ́

BP), which vary with the wavelength. εBP is composed of three components 
in x (armchair), y (zigzag) and z axes. By presuming ϕ to be the angle between the incident light and the armchair direction, it can be 
derived that εBP is angle-dependent, and according to Eq (1), dispersion of the proposed modulator is also dependent on ϕ. Thus, by 
rotating ϕ, the stimulated SPP wave is dependently dispersive, which reveals the mechanism of SPP modulation by simply optically 
tuning ϕ, and gives the possibility of realizing SPP modulator in VIS regime based on the graphene/black phosphorus heterostructure. 
As for SPP modulation, one of the uttermost important characterized parameters is the SPP propagation length LSPP, which is decided 
by the imaginary part of SPP wave vector [33], shown as: 

LSPP =
1

2kʹ́
SPP

=
e2μc

2πℏ2ε0ω

[(εr + έBP
τ

)
+ εʹ́

BPω
]− 1

(2) 

From Eq (2), it can be seen that LSPP is dependent with εBP which varies with the wavelength and ϕ. Thus, it would be interesting to 
study the angle dependence of the SPP properties for the proposed modulator. In addition, since black phosphorus is a biaxial crystal 
featuring the evident in-plane anisotropy, as shown in Fig. 1(c), the effective refractive index of black phosphorus is decided by both 
values from armchair (nAC) and zigzag (nZZ) directions, which form an elliptical shape [34]. Based on this, the relationship between εBP 

and ϕ can be expressed by Eq (3): 

εBP(ϕ)=
εACεZZ

εAC sin2(ϕ) + εZZ cos2(ϕ)
(3)  

3. Simulation results and discussions 

By using the finite element analysis (FEA) method via COMSOL Multiphysics, we numerically investigated the proposed modulator. 
When the proposed all-optical modulator is working in the visible regime, as shown in Fig. 1(c), the periodic boundary conditions are 
applied along the x (armchair) and y (zigzag) directions, and the perfectly matched layer boundary conditions are employed in the z 
direction. A polarized light with input power of 1W in a period and electric field perpendicular to the black phosphorus layer vertically 
irradiates upon the heterostructure. Similarly, when the modulator is working in the NIR and MIR regimes, mode analysis with 
scattering boundary is employed to calculate the effective modal index of the heterostructure, and the 2D frequency-domain field and 
power monitors are used to obtain the electric field distributions. For both situations, the non-uniform mesh is adopted in the 
simulation regions to save storage space and computing time [35]. The maximum element mesh size is set as 0.1 nm inside the 
graphene and black phosphorus layers. The mesh size gradually increases outside the graphene and black phosphorus layers. 

Here we first studied the all-optical plasmonic modulator working within the VIS regime. The normal incident light with linear 
polarization ϕ perpendicularly irradiated onto the black phosphorus layer, with the dynamic tuning of ϕ, LSPP could be tuned to realize 
either ON or OFF state of the modulation. The relationships between LSPP and ϕ within the VIS regime from 400 nm to 780 nm are 

Fig. 2. (a) The relationship between LSPP and ϕ in VIS regime for (a) 400 nm, (b) 450 nm, (c) 487 nm, (d) 600 nm, (e) 700 nm, and (f) 780 nm.  
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shown in Fig. 2(a)-(f). 
From Fig. 2, it can be observed that throughout the VIS regime, LSPP exhibits the π symmetry, and holds the potential of obtaining 

large discrepancy within small rotation of ϕ. To be more specific, when the wavelength is swept at 400 nm, as shown in Fig. 2(a), the 
largest LSPP of 36.3 μm is obtained by rotating ϕ to 65 ◦. However, when ϕ is rotated to 66 ◦, the smallest LSPP of 0.193 μm can be 
achieved, and a large discrepancy of 189 times is obtained with just rotation of 1 ◦. It is noteworthy that the largest and smallest value 
of LSPP is not observed either in the armchair or zigzag direction. Interestingly, by sweeping the wavelength from 400 nm to 487 nm, 
the desired ϕ of obtaining the maximum or minimum value of LSPP varies, as shown in Fig. 2(b) and (c). Nevertheless, at the wave
lengths over 600 nm, displayed from Fig. 2(d)–(f), the maximum and minimum value of LSPP occur at zigzag and armchair direction, 
respectively. This phenomenon can be explained by εBP within the VIS regime, from around 400 nm–487 nm, Im(εBP) in the armchair 
direction is negligent as 0, which would almost contribute zero absorption, in this case, the loss is mainly contributed by Im(εBP) in the 
zigzag direction. However, from 487 nm to 780 nm, Im(εBP) in armchair direction gradually rises to the sizable value, which in turn 
would contribute dominant loss of SPP wave propagation, and in this situation, when ϕ is tuned at 0 ◦, the stimulated SPP wave would 
be blocked in the propagation. A certain propagation length L is introduced to obtain the extinction ratio (ER) by calculating the 
transmission of ON and OFF states of the proposed modulator, displayed as ER = 20 lg TON

TOFF
, and the transmission function can be 

Fig. 3. (a) The largest ER for our proposed modulator by just tuning ϕ in VIS regime; (b) The relationship between ER and μc in the whole 
VIS regime. 

Fig. 4. (a) Im(neff ) of the proposed modulator varying with from VIS to MIR regime; (b) The relationship between the applied voltage and chemical 
potential μc; Dependence of attenuation a on chemical potential μc and applied voltage on chemical potential μc at the wavelength of (c) 1.55 μm and 
(d) 3 μm, respectively. The inset figures show the electric field profiles for TM mode at ON and OFF states, respectively. 
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obtained by T =
∫ L

0 exp ( − L /LSPP)dL. By positioning the maximum and minimum value of LSPP via rotating ϕ, the largest ER can be 
obtained. We calculated and sketched the largest achievable ER within VIS regime, as shown in Fig. 3(a). It can be seen that from 400 
nm to 780 nm, the largest ER mainly increases with the wavelength except at 450 nm, and especially when the wavelength is tuned at 
over 600 nm, the largest ER of over 40 dB can be obtained, which is of great importance to construct the modulator. Besides, since 
graphene provides the possibility to dynamically tune its Fermi energy, we also took into considerations of how graphene’s Fermi 
energy made contributions to ER, and we studied the relationship between ER and μc in VIS regime. Results are illustrated in Fig. 3(b), 
with the increase of graphene’s Fermi energy, ER is gradually improved in the whole VIS regime. Therefore, in VIS regime, by just 
tuning ϕ, modulation with large ER can be achieved in an all-optical way. However, when it comes to the NIR and MIR regions, by 
rotating ϕ, it is found that the largest and smallest LSPP always appear at zigzag and armchair direction, respectively. And the 
discrepancy of the largest and smallest LSPP is greatly shrinking, which means that ER of the proposed all-optical modulator is 
significantly decreasing and the mechanism of modulator based on angle-dependent tunability is not functioning in NIR and MIR 
regions. 

To extend the wavelength to NIR and MIR regions, few-layer graphene sheets can be alternately employed to enhance MD of the 
proposed modulator, by actively tuning the applied voltages of top and bottom graphene sheets, electro-optic modulation can be also 
achieved with improved MD. Simulative computations were conducted by COMSOL Multiphysics, and the incident light was from the 
waveguide cross-section (in the y− z plane of the proposed modulator as shown in Fig. 1). Here we used five-layer graphene as the top 
graphene sheets. By actively tuning μc, Im(neff ) of the proposed modulator from VIS to MIR regimes is accordingly changed, as shown in 
Fig. 4(a). According to the attenuation expression α = 20k0 × lg (1 /e)× Im

(
neff

)
, different attenuations of the proposed modulator 

can be achieved by varying μc. Since μc can be adjusted by varying the applied voltage, to evaluate the switching voltage, the relation 
between applied voltage and μc can be obtained as: μc = ℏVF

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ηπ|V0 − VD|

√
, where VD = 0.8 V [36], η is derived by η = ε0εd

ed . Fig. 4(b) 
shows the relationship between the applied voltage and μc of graphene for the proposed modulator. Based on these results, the 
dependence of attenuation α on μc and applied voltage on μc at wavelength of 1.55 μm (NIR regime) and 3 μm (MIR regime) is 
illustrated in Fig. 4(c) and (d), respectively. The inset figures show the electric field profiles for TM mode at ON and OFF states, 
respectively. When the wavelength is swept to 1.55 μm in NIR regime, by adjusting μc of graphene sheets as 0 eV, the maximum value 
of α is achieved with around 0.977 dB/μm, which can be regarded as the OFF state. However, when μc is switched to 1 eV, the minimum 
value of α is obtained with around 0.035 dB/μm, which can be regarded as the ON state. Consequently, MD of the proposed modulator 
is calculated to be about 0.942 dB/μm by actively tuning μc from 0 eV to 1 eV, indicating that only 0.9 V of the switching voltage is 
required, as shown in Fig. 4(c). With the same method, as for the wavelength of 3 μm in MIR regime, depicted in Fig. 4(d), by tuning μc 
as 0 eV, the maximum α of 0.403 dB/μm is obtained (OFF state), while μc is adjusted to 0.5 eV, the minimum α is 0.026 dB/μm (ON 
state), and MD of our proposed modulator is calculated to be about 0.377 dB/μm, which is equivalent of the tuning of applied voltage 
with only 0.23 V. 

In addition, we also investigated how the number of graphene layers influenced ER and insertion loss (IL) of the proposed 
modulator. We calculated and obtained the corresponding ER and IL values for different numbers of graphene layers, ranging from the 
VIS to MIR regions, as shown in Fig. 5(a). It is found out that both ER and IL increase linearly with the number of graphene layers, 
except at the wavelength of 600 nm, when ER (red solid line) and IL (red dash line) exhibit the linear trade-off relationship. This is 
caused by the significant imaginary part of permittivity of black phosphorus in armchair direction at the wavelength of 600 nm, which 
plays the dominant role in deciding the total loss of the proposed modulator working at OFF state. Taking wavelength of 1.55 μm as an 
example, the calculated ER values (green solid line) are 5.69, 9.91, 14.21, 18.51 and 22.32 dB for mono-, bi-, tri-, quadri- and five-layer 
graphene, respectively; while IL values (green dash line) are calculated to be 0.151, 0.285, 0.419, 0.551 and 0.673 dB for mono-, bi-, 
tri-, quadri- and five-layer graphene, respectively. In this situation, choosing five-layer graphene sheets would significantly enhance 
the light-matter interaction and ER without causing too much damage of IL indicator. 

Fig. 5. ER (solid lines) and IL (dash lines) of the proposed modulator varying with (a) the layer number of graphene sheets; (b) the thickness of 
Al2O3 layer d from VIS to MIR regions. 

F. Zhou                                                                                                                                                                                                                   



Heliyon 10 (2024) e34684

6

Apart from the number of graphene layers, we also studied how the thickness of Al2O3 layer d affected the ER and IL from VIS to 
MIR regions. Here we set d from 1 nm to 50 nm. Results are shown in Fig. 5(b), ER (solid lines) and IL (dash lines) exhibit different 
trends with d as the wavelength changes. As for ER, when the wavelength is tuned at 400 nm, ER (blue solid line) first experiences the 
uplifting trend with increase of d before reaching its peak at d = 20 nm, and then it decreases as d continues to increase. For other 
wavelengths, ER curves consistently display the decreasing trend as d increases. On the other hand, regarding IL, the IL curves exhibit 
different trends for various wavelengths as d increases, but with the largest value smaller than 2.5 dB. 

Besides ER and IL, modulation bandwidth and power consumption are also two important parameters for the proposed modulator. 
The thickness of Al2O3 layer d of our proposed heterostructure would exert influences onto the 3-dB modulation bandwidth and power 
consumption. Thus, we also took these two parameters into considerations. As for our proposed modulator, when it worked on the VIS 
regime, we stimulated SPP and utilized the rotation of ϕ to achieve modulation with large ER in an all-optical way, going beyond the 
limitation of RC delay. However, when we adjusted μc of graphene to work in NIR and MIR regions, the RC constant became the 
dominant factor of modulation bandwidth. To calculate the cutoff 3-dB bandwidth, we used the expression f = 1

2πRtCt
, where Rt and Ct 

indicate the total resistance and capacitance, respectively. The equivalent electrical circuit is shown in Fig. 6(a), it can be found that Rt 

includes the contact resistance RC, resistance of graphene Rg, and the resistance of black phosphorus RBP, ρC = RC • S
h , where S and h 

represent the area and thickness of graphene sheet. Since extremely low graphene/metal contact resistances down to 20–150 Ω μm 
have been experimentally achieved [37], here RC is chosen as 150 Ω μm. According to our proposed modulator, RC is calculated 
relatively small that can be neglected. As for Rg, the regular value is regarded as 200 Ω/sq, and it can be calculated that for our 
proposed structure, Rg and RBP are estimated to be about 50 Ω in total. Thus, Rt is estimated to be around 50 Ω Ct can be calculated by 
Ct = (0.5Cox +CQ) • A [38], where Cox can be obtained by the parallel plate capacitor model, and CQ can be derived by CQ = 4πe2c

hV2
F λ [38], 

A is the overlapping area between the top and bottom graphene sheets, h and VF represent the Planck constant and Fermi velocity, 
respectively. Therefore, Ct is dependent with the wavelength and the thickness of Al2O3 layer d. Taking wavelength of 1550 nm (green 
solid line) and d of 10 nm as an example, calculation results in our structure show that Ct is about 24 fF in the proposed modulator, 
resulting in a 3-dB modulation bandwidth of 135 GHz. By varying d, 3-dB modulation bandwidth would accordingly change. Here we 
set d from 1 nm to 100 nm, the relationship between the 3-dB modulation bandwidth and d starting from VIS to MIR regions is depicted 
in Fig. 6(b). To be more specifically, 3-dB modulation bandwidth (solid lines) increases with d for all the wavelengths and the largest 
3-dB modulation bandwidth can be close to 300 GHz for the wavelength of 3 μm (purple solid line) when d is 100 nm. Meanwhile, the 
3-dB modulation bandwidth also increases when the wavelength is swept from VIS to MIR regions. In real fabrication, by using the 
state-of-the-art process of the ultraviolet ozone optimization method, the modulation bandwidth would be further enlarged. 

As for the power consumption, the power per bit (Ebit) was thereby taken into consideration. According to Ebit = C(ΔV)2
/ 4, Ebit is 

related to Ct and the applied voltage, thus, for the proposed modulator, choosing wavelength of 1550 nm and d of 10 nm, Ebit can be 
estimated to 0.99 fJ/bit, which is much smaller than the conventional graphene-based modulators. With the same method, the re
lationships between Ebit and d starting from VIS to MIR regions are also depicted in Fig. 6(b). It can be found that the power con
sumption (dash lines) gradually decreases with d for all the wavelengths, meanwhile, the power consumption also decreases with the 
wavelength being swept from VIS to MIR regions. 

Thus, it can be concluded that with the increase of d, 3-dB bandwidth of the proposed modulator increases while its power con
sumption decreases, considering the abovementioned ER and IL, it can be observed that ER, IL, 3-dB bandwidth and power con
sumption exhibit the trade-off relationship with d one another, to maintain the balance between ER, IL, 3-dB modulation bandwidth 
and power consumption, the value of 10 nm for d was chosen in our structure. 

In addition, we categorized the performance of the recently-reported graphene-based plasmonic modulators (including the all- 
optical modulators based on nonlinear graphene plasmonics), as listed in Table 1 [5–11]. To measure the comprehensive perfor
mance of the modulators, several key parameters were considered for evaluation, including 3-dB modulation bandwidth (BW), ER, IL, 

Fig. 6. (a) The equivalent electrical circuit of the proposed modulator; (b) modulation bandwidth (solid lines) and power energy (dash lines) of the 
proposed modulator varying with the thickness of Al2O3 layer d from VIS to MIR regions. 
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power consumption, and operation waveband. 
It can be observed from Table 1, compared with the recent graphene-based plasmonic modulators, our proposed plasmonic 

modulator has advantages of relatively high ER, low insertion loss, large 3-dB modulation bandwidth, and small consumed power. 
Most notably, while all the proposed plasmonic modulators operate on the certain waveband, such as NIR or MIR regime, our proposed 
modulator can work over a large waveband from 400 nm to 3 μm, outperforming the other graphene-based plasmonic modulators. 
Specially, when it is working within the VIS regime via the all-optical configuration, the angle-dependent properties can be obtained 
and utilized to design the performance-tailored modulators. Overall, in the comprehensive evaluation of different parameters, our 
proposed modulator demonstrated relatively sound performance. 

4. Conclusion 

In summary, a broadband modulator based on graphene/black phosphorus heterostructure is proposed and demonstrated with a 
large waveband from VIS to MIR regions and enhanced modulator depth. By utilizing the angle-dependent SPP properties, the pro
posed modulator can be realized in an all-optical way in the VIS regime with large extinction ratio. Additionally, in the NIR and MIR 
regions, it exhibits the enhanced modulation depth with few-layer graphene films by actively tuning its chemical potential. Results 
show that the waveband of the proposed modulator can be extended from 400 nm to 3 μm with enhanced modulation depth, and it also 
enjoys the high extinction ratio, low insertion loss, large 3-dB modulation bandwidth and small power consumption. Our work may 
pave the way towards the future opto-electro devices with extended waveband and tunable angle-dependent characteristics realized by 
2D van der Waals heterostructure. 
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