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Phosphorene and graphene have a tiny lattice mismatch along the armchair direction, which can result in an atomically 

sharp in-plane interface. The electronic properties of the lateral heterostructures of phosphorene/graphene are 

investigated by the first-principles method. Here, we demonstrate that the electronic properties of this type of 

heterostructure can be highly tunable by the quantum size effects and the externally applied electric field (Eext ). At strong 

Eext , Dirac Fermions can be deveoped with Fermi velocities around one order smaller than that of graphene. Undoped and 

hydrogen doped configurations demonstrate three drastically different electronic phases, which reveal the strongly 

tunable potential of this type of heterostructure. Graphene is a naturally better electrode for phosphorene. The transport 

properties of two-probe devices of graphene/phosphorene/graphene exhibit tunnelling transport characteristics. Given 

these results, it is expected that in-plane heterostructures of phosphorene/graphene will present abundant opportunities 

for applications in optoelectronic and electronic devices. 

1. Introduction 

As a new form of two-dimensional material in the ‘post-graphene 

age’, black phosphorous has attracted intense research interest 

since its potential application in field-effect transistors was first 

demonstrated.1-3 Layered black phosphorus (phosphorene) has a 

buckled honeycomb structure and adjacent phosphorene layers are 

coupled by weak van der Waals interactions. Different from white 

and red phosphorus, phosphorene is less reactive and is 

thermodynamically stable below 550°C. As a mono-elemental 

semiconductor, monolayer phosphorene has an intrinsic band gap 

of 2 eV. This exceeds that of graphene, which needs an externally 

applied electric field or doping to open a band gap.4-9 The intrinsic 

anisotropic electronic and thermal transport properties of 

phosphorene have been theoretically predicted.10-12 The electronic 

and optoelectronic properties can be modulated by the strain, and 

atomic and molecular doping.13-19 Moreover, unlike semiconducting 

MoS2, which may naturally contain defects,20 phosphorene is a 

monoelemental semiconductor, which makes the structure simpler 

and results in a lower defect concentration. Analogous to oxide 

heterostructures, the in-plane interfaces between graphene and 

hexagonal boron nitride possess unusual electronic, magnetic and 

optical properties.21,22 Recently, in-plane heterostructures of 

phosphorene and a variety of carbon materials including graphite, 

graphite oxide, carbon black and fullerene have been fabricated in 

experiments.23 Although these heterostructures are demonstrated 

to be stable and high capacity anode materials, the geometrical and 

electronic structures have not been revealed. Here, we use the 

state-of-art first principles method to study the electronic 

properties of the in-plane heterostructures of phosphorene and 

graphene.  

2. Computational methods  

The first-principle calculations were performed with the 

Quantum espresso package.24 The electron-ion interaction was 

described by the projector augmented wave (PAW) method.25 

The plane-wave basis set cut-off energy was 400 eV. The 

Perdew-Burke-Ernzerh (PBE) type of generalised gradient 

approximation exchange correlation function was used.6 Long-

range van der Waals dispersion corrections according to the 

DFT-D procedure were taken into account.27 Quantum 

transport properties were performed with the nanodcal 

package.28 The energy convergence criterion for the electronic 

wave function was set to be 10−5 eV. The geometry 

optimization was considered to be converged when the 
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residual force on each atom was smaller than 0.01 eV/Å. A 2.5 

nm thick vacuum layer normal to the plane was used to 

eliminate longitudinal interactions between the super cells. 

The 1.6 nm vacuum layer was used to laterally separate the 

one dimensional (1-D) heterostructures. Sampling of 30 

uniformly distributed k-points along the 1-D Brillouin zone was 

used for the calculations.  

3. Results and discussion 

3.1 Electronic structures of heterostructures 

Phosphorene and graphene have a slight lattice mismatch of 

2.6 per cent along the armchair direction, which can result in 

an atomically sharp interface. A variety of heterostructures of 

armchair phosphorene nanoribbons (APNRs) and armchair 

graphene nanoribbons (AGNRs) are considered. The width (N) 

of the APNRs and AGNRs is defined by the number of atomic 

columns along the zigzag direction as shown in Fig. 1(a). A 

typical heterostructure of 15-APNR/15-AGNR is demonstrated 

here, and the relaxed structure is shown in Figs. 1(a) and 1(b). 

Its width is 4.4 nm. At the central region of this 

heterostructure, 15-APNR interfaces 15-AGNR, which are 

connected by robust chemical bonds. The length of the P-C 

bond is 1.86 Å at this interface, which is within the interval of 

C-C (1.42 Å) and P-P (2.17 Å) bonds.  

(a)

(b)

 

(c)                                                     (d)                                                           

   

(e) 

  

(f)  

 

(g) 

 

(h) 

 

Fig. 1 (a) Top and (b) side views of the relaxed heterostructure of 15-

APNR/15-AGNR. (c) Band structure and (d) DOS of 15-APNR/15-AGNR. 

Charge distributions of (e) HOMO and (f) LUMO of 15-APNR/15-AGNR. 

Charge distributions of (g) HOMO and (h) LUMO of 15-APNR/16-AGNR. The 

white, pink and cyan circles denote H, P and C atoms, respectively.  

   The heterostructure of 15-APNR/15-AGNR has a direct band gap 

of 0.45 eV at Γ as shown in Fig. 1(c). Its corresponding density of 

states (DOS) is shown in Fig. 1(d). Based on the DOS, the states of 

both the valence band maximum (VBM) and conduction band 

minimum (CBM) are mainly contributed from the orbitals of 15-

AGNR. This is confirmed by the charge distribution of the HOMO 

and LUMO orbitals as shown in Figs. 1(e) and 1(f), respectively. The 

effective masses of the hole and electron carriers (mh
* and me

*) are 

both 0.18 times that of a free electron (m0) calculated by the 

parabolic dispersion 

( )
2

0

( )

2
n n

k
E k E

m∗= +
h

                                             (1)       

where k is the wave vector and En0 is the band bottom of the nth 

subband. The mh
* and me

* are at the VBM and CBM, respectively. 

According to the Drude model, electron and hole carriers have the 

same mobility. Because the states near Fermi level are mainly 

contributed from the 15-AGNR, the current will mainly flow through 

the right part of this heterostructure. The charge transfer at this 

interface is analysed using the Bader method. The valence states of 

the P and C atoms which form the P-C bonds are -1.2 and +1.2, 

respectively. The 15-AGNR attains 2.4 e in total from the 15-APNR 

per supercell. To understand the physical properties related to the 

field emission, chemical affinity and ionization of this 

heterostructure, the work function is calculated by  

0w Fe EφΦ = −                                                    (2) 
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where ϕ0 is the electrostatic potential of a vacuum level far from 

the surface and EF is the energy of the Fermi level.29 Here, the 

calculated Φw is 4.34 eV, which is smaller than that of pristine 

graphene’s theoretical value of 4.48 eV and the experimental value 

of 4.60 eV.30,31      

To study the influence of the width of AGNRs on the electronic 

properties of heterostructures, the interface of 15-APNR/16-AGNR 

is studied. The VBM and CBM are mainly contributed from the 15-

APNR and 16-AGNR, respectively (see Figs. 1(g) and 1(h)). The 

calculated Φw and band gap are 4.47 eV and 0.66 eV, respectively 

(see the ESI†). For comparison, the electronic properties of two-

dimensional periodic stripes of APNRs/AGNRs are also investigated.  

Two-dimensional periodic stripes of APNRs/AGNRs exhibit 

semiconducting properties and the corresponding band gap values 

are smaller than the corresponding values of one-dimensional 

APNRs/AGNRs due to the interactions between neighbouring 

supercells (see the ESI†). This is due to the strict confinement of 

electrons along the X direction being relieved.           

3.2 Quantum size and electric field effects                                     

The obvious discrepancies in the electronic properties of the 

heterostructures of 15-APNR/16-AGNR and 15-APNR/15-AGNR can 

be understood by comparing the differences between the 

electronic properties of APNRs and AGNRs. As shown in Fig. 2(a), 

the band gaps of 15-APNR, 15-AGNR and 16-AGNR are 0.72, 0.57 

and 0.76 eV, respectively. The band gaps of both 15-APNR/15-AGNR 

and 15-APNR/16-AGNR are smaller than those of the isolated APNR 

and AGNR. The band gap value is determined by the differences in 

the on-site energies of two edges, and intra- and inter-edge 

hopping parameters from the view of tight-binding ladder models.32 

The hybridization of electronic states via σ bonds at this interface 

will influence these parameters.                                                                                    

As shown in Fig. 2(a), the band gaps of APNRs and AGNRs obey 

drastically different mathematical functions. The band gaps of 

APNRs scale approximately as 1/N
2, which can be interpreted as the 

kinetic energy of a nonrelativistic particle is proportional to the 

square of its momentum.33 The band gaps of AGNRs scale 

approximately as 1/N, which can be attributed to the Dirac 

fermions exhibiting as the linear energy-momentum dispersion 

relationship. For GNRs, the mathematical relationship of band gap 

versus width follows the two hierarchic rules of ΔE3n-1<ΔE3n<ΔE3n+1 

and ΔEN<ΔEN+3.34 This oscillating characteristic has been transferred 

to the electronic properties of the heterostructures of 

APNRs/AGNRs. The band gaps of the heterostructures of 7, 10, 15-

APNRs interfaced N-AGNRs are calculated with N increased from 1 

to 20 as shown in Fig. 2(b). For the heterostructure of a specific 

APNR/N-AGNR, the band gaps oscillate as N increases, and the two 

hierarchic rules of ΔE3n-1<ΔE3n<ΔE3n+1 and ΔEN<ΔEN+3 are still fulfilled 

if the width N is larger than 2.  

An external electric field (Eext) was applied across the width of the 

heterostructures of APNRs/AGNRs. The breakdown electrical field 

limit of SiO2 dielectric materials is 0.1 V/Å. Given the relative 

dielectric constant of (εr) 3.9 of SiO2, the effective electric field of 

0.39 V/ Å (relative to vacuum) can be realized in the experiments. 

Recently, an effective electric field (relative to vacuum) of 0.27 V/Å 

has been realized in the experiments.35 The scanning tunnelling 

microscope (STM) tip can also realize strong electric field locally. 

The Eext can effectively reduce the band gaps of the 

heterostructures of APNRs/AGNRs as shown in Fig. 2(c). This is in 

contrast to the situation of bilayer graphene, but it is similar to the 

situation of monolayer graphene. For monolayer graphene, the 

band gap value is equal to the difference between the on-site 

energies of the AB lattices of graphene.36 For bilayer graphene, the 

band gap values depend on the electrostatic potential differences 

between the top and bottom graphene layers, and the stronger the 

vertical electric field, the larger the band gap.37 Here, at zero bias, 

the band gaps are the largest for all of the heterostructures 

investigated. At a critical electric field (Ec), the band gaps of these 

heterostructures are zero. The tranverse Eext causes the additional 

potential energy difference of the two edges U, which is defined as 

U=eEext(dP/κP+dG/κG), where κP and κG are the dielectric constants 

for APNRs and AGNRs, respectively. dP and dG are the widths of 

APNRs and AGNRs, respectively. Thus, for the same Eext, a larger 

width of APNR and AGNR will cause a larger U. Correspondingly, the 

Ec will decrease. Each heterostructure has a positive Ec and a 

negative Ec. The values of Ecs (-0.35 and 0.25 V/Å) are the same for 

15-APNR/15-AGNR and 15-APNR/16-AGNR, which can be mainly 

attributed to the tiny difference in width (~2 per cent). The values 

of Ec are -0.4 and 0.425 V/Å for the 10-APNR/8-AGNR, which are 

obviously larger than those of 15-APNR/15-AGNR. If the Eext is 

increased from 0 to the Ec, the band gaps can be effectively 
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reduced. However, the mh
* and me

* are rarely changed if the Eext is 

smaller than Ec. An Eext smaller than Ec can narrow the difference 

between the CBM and VBM, but will not change the parabolic 

shapes of the bands. If the Eext is larger than the Ec, the conduction 

and valence bands are crossed. The band structure of the 

heterostructure of 15-APNR/15-AGNR with an Eext of 0.30 V/Å is 

shown in Fig. 2(d). As shown in Figs. 2(e) and 2(f), an Eext stronger 

than the negative or positive Ecs can turn APNRs/AGNRs into 

metallic materials. As the strength of Eext is further increased, the 

band crossing point will be far from the Γ point. The band crossing 

point can also be tuned either above or below the Fermi level.  

Moreover, the topmost valence bands at biases of -0.45 and 0.35 

V/Å exhibit linear dispersion near the band crossing point along the 

Γ→Y direction. The linear region is from the band crossing point to 

around 0.4 eV below. The Fermi velocities are 9.2 and 6.1×104 m/s, 

respectively, at -0.45 and 0.35 eV/Å. Thus, with a strong transverse 

electric field, Dirac Fermions can be developed, with Fermi 

velocities around one order smaller than that of pristine graphene 

(106 m/s).  

(a)                                             (b)                                                                                                 

              

(c)                                                       (d)    

      

(e)                                                       (f)    

  

Fig. 2 (a) Band gaps of AGNRs and APNRs versus the width (N). (b) Band gaps of 

heterostructures of 7, 10 and 15-APNRs/ N-AGNRs versus the width of AGNRs. (c) 

Band gaps of heterostructures of APNRs/AGNRs versus the Eext. (d) Band 

structure of 15-APNR/15-AGNR under an Eext of 0.3 V/Å. Band structures of 15-

APNR/15-AGNR with an Eext of (e) negative and (f) positive values.  

The band closure for these heterostructures can be explained by 

the tight-binding ladder model.32 Suppose that the hopping 

integrals along the left and right edges are t1 and t2, respectively. 

The on-site energies of two edges are εl and εr, respectively. Then, 

the band structures of the two edges are El(k)=εl-2t1coska and 

Er(k)=εr-2t2coska. If the hopping integral between two edges is t0, 

the Hamiltonian is as follows: 

1 0

0 2

2
2

2
2

l

r

U
t coska t

H
U

t t coska

ε

ε

 − − − 
=  
 − + −
  

                       (3) 

Thus, the band structure near Fermi level takes the form 

 2 2

0

( ) ( ) 1
( ) [ ( ) ( ) ] 4

2 2

l r
l r

E k E k
E k E k E k U t

+
= ± − − +               (4)                                                

For Eq (3), the “+” symbol is for the conduction band and the “-” 

symbol is for the valence band. If there is no Eext applied, U is zero. 

The band gap size will be [(εl -εr)
 2

+4t0
2
]
1/2 at Γ. When a transverse 

Eext is applied, the minimum band gap size will be 2t0. If t0 is 

reduced simultaneously as Eext is increased, the electronic 

polarisation of the edge states under the Eext reduces the effective 

interaction between the two edges of the heterostructure. If t0 is 

zero, band gap closure occurs. Naturally, the wave vector of the 

band gap closure in k-space, kext, can be calculated from Eq (3). The 

wave vector of the band crossing point follows kext = {arccos [(U0-

U)/2(t1 -t2)]}/a, with U0 =εl - εr. This qualitative picture can explain 

the monotonic variance of kext with Eext as shown in Figs. 2(e) and 

2(f). For more details of the tight-binding ladder model, see ESI. 

3.3 Hydrogen doping effects 

Experimental and theoretical studies have demonstrated that 

atomic H doping can strongly alter the physical properties of 

graphene.38,39 Here, we study the influence of H doping on the 

electronic properties of the heterostructures of 

phosphorene/graphene. First, the adsorption of H monomer is 

investigated, and 30 adoption sites are considered (see ESI). The 
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two most stable configurations of H monomer doped 15-APNR/15-

AGNR are shown in Figs. 3 (a) and 3(b), respectively. The adsorption 

energy is defined as 

0( ) /ad HE E E nE n= − − −                                             (5)     

where E is the total energy of the heterostructure with H atoms 

adsorbed, EH is the total energy of an isolated H atom, E0 is the total 

energy of a heterostructure, and n is the number of H atoms.  

The adsorption energies of configurations 1 and 2 are 1.84 and 1.80 

eV, respectively. The highest adsorption energies indicate that the 

boundary between graphene and phosphorene is more chemically 

active. As shown in Fig. 3(c), for configuration 1, AGNR is strong 

strongly spin-polarised, whereas APNR is strong weakly spin-

polarised. The total magnetisation is 1 Bohr magneton (µB), which 

is contributed from the unpaired 2Pz electron. Both the majority 

and minority spin bands have a band gap. For configuration 2, the 

Fermi level lies in the conduction bands of both APNR and AGNR 

(see Fig. 3(d)). The doping of H injects additional carriers into APNR 

and raises the Fermi level, which is even higher than the CBM. The 

total DOS of this heterostructure indicates the metallic signature.       

                                                              

(a)

 

(b)  

 

(c)                                                       (d)   

                                                                  

Fig. 3. Optimised structures of (a) configuration 1 and (b) configuration 2. DOS of 

(c) configuration 1 and (d) configuration 2. H adatoms are blue. 

The concentration of H impurities is further increased. The 

adsorption of H dimmer on the heterostructure is investigated. For 

configuration 1, the H dimmer is adsorbed on both the top and 

bottom planes of the heterostructure as shown in Fig. 4(a). For 

configuration 1, the H dimmer is adsorbed on the left APNR side as 

shown in Fig. 4(b). These two different configurations result in two 

drastically different electronic properties. As shown in Fig. 4(c), 

configuration 1 exhibits as a semiconductor with a band gap of 0.32 

eV, which is 0.13 eV smaller than that of the undoped 15-APNR/15-

AGNR heterostructure. The doping of H dimmer affects the band 

gap states, which results in the band gap reduction. For 

configuration 2, the H doping injects excessive electron carriers into 

APNR and raises the Fermi level. The Fermi level is 0.22 eV above 

the CBM, so the heterostructure is heavily doped and exhibits 

metallic characteristics. Thus, the H doping effects can be 

concentration- and configuration-dependent. Moreover, H doping 

can cause magnetization, reduce the band gap and lead to 

semiconductor-to-metal transition.  

(a) 

(b)

 

(c)                                                       (d)                                                                                       

   

Fig. 4. Optimised structures of (a) configuration 1 and (b) configuration 2. DOS of  

(c) configuration 1 and (d) configuration 2. H adatoms are blue. 
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3.4 Thickness dependent electronic properties 

For both phosphorene and graphene, the interlayer coupling can 

strongly influence the electronic properties. The weak 

van der Waals interactions between layers can reduce the band gap 

of multilayered phosphorene and increase the carriers' effective 

masses of multilayered graphene. This indicates the significance of 

the study of the multilayered heterostructures of APNRs/AGNRs. 

For all of the multilayered heterostructures of APNRs/AGNRs 

investigated, the stacking of APNRs persists in the order of bulk 

phosphorene. Hexagonal BN is a good insulator and dielectric 

material. The lattices of hexagonal BN match well with 

phosphorene along the armchair direction. We investigate the 

heterostructures of APNRs/armchair BN nanoribbons (ABNNRs) for 

a comparison. The relaxed structure of monolayer 15-APNR/15-

ABNNR is shown in Figs. 5(a) and 5(b). As shown in Fig. 5(c), this 

heterostructure has a direct band gap of 0.72 eV. The states near 

Fermi level are all contributed from 15-APNR (see 5(d)). 15-ABNNR 

has a band gap of 1.81 eV.        

The relaxed structures of quadlayer 15-APNR/15-AGNR and 15-

APNR/15-ABNNR are shown in Figs. 6(a) and 6(b), respectively. The 

relaxed structures of these two heterostructures are similar. There 

exists strong structural deformation at the interface, especially on 

the graphene and BN parts. The thickness-dependent band gaps of 

the heterostructures of APNRs/AGNRs and APNRs/ABNNRs are 

shown in Tables I and II, respectively. For the heterostructures of 

APNRs/AGNRs and APNRs/ABNNRs, the band gaps decrease rapidly 

as the thickness is increased. The band structures of quadlayer 15-

APNR/15-AGNR and 15-APNR/15-ABNNR are shown in Figs. 6(c) and 

6(d), respectively. Their band gap sizes are zero and 0.24 eV, 

respectively. Although the thickness is increased, the multilayered 

heterostructures of APNRs/AGNRs and APNRs/ABNNRs persist in 

the characteristics of the direct band gap. In addition, the transport 

properties are thickness dependent. The effective masses of the 

hole carriers for monolayer, bilayer, trilayer and quadlayer 15-

APNR/15-AGNR are 0.18, 0.23, 0.26 and 0.28 m0 , respectively. The 

effective masses of electron carriers for monolayer, bilayer, trilayer 

and quadlayer 15-APNR/15-AGNR are 0.18, 0.20, 0.21 and 0.23 m0, 

respectively. Thus, the thicker the heterostructures of 

APNRs/AGNRs, the larger the effective masses of the carriers. 

Similar effects were also found in the heterostructures of 15-

APNR/15-ABNNR. The effective masses of the hole carriers for 

monolayer, bilayer, trilayer and quadlayer 15-APNR/15- ABNNR are 

0.19, 0.22, 0.25 and 0.27 m0, respectively. The effective masses of 

the electron carriers for monolayer, bilayer, trilayer and quadlayer 

15-APNR/15- ABNNR are 0.22, 0.27, 0.30 and 0.31 m0, respectively. 

(a)   

(b)  

 

(c)                                                          (d)                                                       

  

Fig. 5. (a) Top and (b) side views of the relaxed heterostructure of 

monolayer 15-APNR/15-ABNNR.  (c) Band structure and (d) DOS of 

monolayer 15-APNR/15-ABNNR.     

(a)                                                         (b) 

 

(c)                                                         (d) 

  

Fig. 6. Relaxed structures of quadlayer (a) 15-APNR/15-AGNR and (b) 15-

APNR/15-ABNNR. Band structures of quadlayer (c) 15-APNR/15-AGNR and (d) 15-

APNR/15-ABNNR. 

Table 1 Band gaps (eV) of five heterostructures of APNRs/AGNRs versus the thickness. 

 Monolayer Bilayer Trilayer Quadlayer 

16-APNR/16-AGNR 0.65 0.06 0.03 0 

15-APNR/16-AGNR 0.66 0.07 0.05 0.02 
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15-APNR/15-AGNR 0.45 0.05 0.03 0 

12-APNR/12-AGNR 0.53 0.17 0.04 0.01 

9-APNR/9-AGNR 0.61 0.28 0.18 0.09 

     

Table 2 Band gaps (eV) of five heterostructures of APNRs/ABNNRs versus the thickness. 

 Monolayer Bilayer Trilayer Quadlayer 

16-APNR/16-ABNNR 0.69 0.38 0.31 0.23 

15-APNR/16-ABNNR 0.70 0.38 0.31 0.24 

15-APNR/15-ABNNR 0.72 0.39 0.30 0.24 

12-APNR/12-ABNNR 0.74 0.40 0.32 0.25 

9-APNR/9-ABNNR 0.82 0.50 0.38 0.28 

     

3.4 Transport properties of two-probe devices 

T he t r an sport  pr oper t ies  of  t wo-pr ob e  de v ic es  of 

graphene/phosphorene/graphene along the zigzag directions are 

investigated. A two-probe device is shown in Fig. 7(a). Four devices 

with scattering regions that contain 3, 7, 11 and 15 atomic P layers 

are investigated. The transmission coefficients of these four devices 

at zero bias are shown in Fig. 7(b). Except the device with 3 P layers, 

all of the devices exhibit semiconducting transport characteristics. 

The device with 3P layers has a tiny transport gap and exhibits 

semimetal transport properties. Near Fermi level, the device with 3 

P layers has the largest transmission coefficient. The transmission 

coefficients around Fermi level are attenuated as the thickness of 

the phosphorene is increased. According to the Landauer formula, 

the conductance of the device is defined by G=G0T(Ef), where T(Ef) is 

the transmission coefficient of the Fermi level and G0=2e
2
/h is the 

quantum transport unit. From Fig. 7(b), the transmission 

coefficients of the Fermi level of the four devices with scattering 

regions containing 3, 7, 11 and 15 atomic P layers are 1.3×10-4, 

3.5×10 -5,  8.0×10 -6  and 1.8×10 -6,  respectively. Thus, the 

corresponding conductances are 1.3×10-4, 3.5×10-5, 8.0×10-6 and 

1.8×10-6 G0, respectively. As expected for the tunnelling transport, 

the results exhibited an exponential decay of G with G= Gce
-βN, 

where Gc is the pre-exponential factor, N is the number of P layers 

and β is the exponential decay factor.40 The transmission coefficient 

decays as e
-β if the thickness of the phosphorene is increased by 

one layer. Here, we can extract a β of 0.36. The calculated current-

voltage (I-V) characteristics are shown in Fig. 7(c). The charge 

current is calculated from the Landauer–Büttiker formula 

2
( , )[ ( ) ( )]

R

L
b L R

e
I dET E V f E f E

h

µ

µ
µ µ= − − −∫                (5)    

where µL/µR are the electrochemical potentials of the left and right 

electron reservoirs, respectively; f is the Fermi–Dirac distribution 

function of the electron reservoirs; Vb=µL-µR/e is the voltage bias 

applied to the devices; and T(E,Vb) is the bias dependent 

transmission coefficient. The device with 3 P layers needs the 

smallest bias to open the transport gap. A larger bias of 0.95 V is 

needed for the device with 15 P layers to be conductive. Similarly, a 

1.15 eV transport gap of monolayer phosphorene devices with gold 

electrodes was found.8 This proves the capability of graphene as 

electrodes can be comparable to gold, which mainly relies on the 

delocalised 5s electrons. The wider the phosphorene scattering 

region, the larger the transport gap. One feasible way to reduce the 

transport gap and further tune the transport properties is to add 

the gate bias, which can be realized in the experiments. The 

proposed two-probe device with graphene electrodes is different 

from the traditional two-probe devices with metals as the 

electrodes. Using graphene as an electrode reduces the size of the 

devices based on phosphorene. Graphene is also a naturally better 

electrode for phosphorene compared to metals due to its tiny 

lattice mismatch. This can solve the fundamental contact problem 

for the application of phosphorene in electronic devices. 

(a)

 

(b)                                                         (c) 

  

Fig. 7. (a) Structure of the two-probe device of graphene/phosphorene/graphene 

with 15 atomic layers P. (b) Transmission coefficients of the four two-probe 

devices at zero bias. (c) I-V curves of the four devices.  
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The energy band diagram of contact between monolayer 

graphene and phosphorene is shown in Fig. 8. The work function 

(Wm) of graphene monolayer is 4.6 eV. Because there is lack of 

experimental measurements of the work function of monolayer 

phosphorene, we use the calculated value of 5.1 eV, which is in 

good agreement with other theoretical calculations.41, 42 Because 

graphene is a semimetal and its work function is smaller than that 

of phosphorene, the electrons will flow to phosphorene. This leads 

to band bending down of the phosphorene at the interface. 

Correspondingly, there is an energy barrier at the interface, which 

will block the graphene electrons from entering the phosphorene. 

The Schottky barrier for the electron flow is  

Bn me Wφ χ= −                                                                           (6)     

where χ is the electron affinity of the monolayer phosphorene. For 

the pristine monolayer phosphorene, the band gap Eg and Wm are 

2.0 and 5.1 eV, respectively, thus we can get an χ of 4.1 eV. Thus, 

eɸBn is 0.5 eV. The Schottky barrier for the hole flowing from 

phosphorene to graphene  is  

Bp g Bne E eφ φ= −                                                                           (7) 

Here, we can get an eɸBp of 1.5 eV. 

 

Fig. 8. Scheme of the energy band alignment diagram of the contact between 

monolayer graphene and phosphorene. 

 

IV. Conclusions 

In summary, the band gaps, carriers’ effective masses and work 

functions of the heterostructures of phosphorene/graphene can be 

modulated by the quantum size effects. A tranverse Eext can 

effectively reduce the band gaps of the heterostructures and even 

result in semiconductor-to-metal transition. H doping can tune 

these heterostructures into either metals or magnetic 

semiconductors. The band gaps and carriers’ effective masses of 

multilayered heterostructures are dependent on the thickness. 

Graphene is a naturally better electrode for phosphorene compared 

to metals due to its tiny lattice mismatch. The transport properties 

of two-probe devices of graphene/phosphorene/graphene exhibit 

tunnelling transport characteristics. It is expected that some of the 

physical properties predicted here can be measured by STM, 

infrared spectroscopy and scanning Kelvin probe. The interface of 

phosphorene/graphene also demonstrates the possibility to 

fabricate a new type of heterostructure by rectangular and 

hexagonal lattices and that the advantages of these two different 

types of two-dimensional material can be integrated in one layer.                                   
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