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properties and Current-Voltage responses 

Chunjian Tan a,b,1, Quan Zhou d,1, Xu Liu a,b, Guoqi Zhang a, Huaiyu Ye b,d,*, Qibao Wu c,* 

a Electronic Components, Technology and Materials, Delft University of Technology, 2628 CD Delft, the Netherlands 
b Engineering Research Center of Integrated Circuits for Next-Generation Communications, Ministry of Education, School of Microelectronics, Southern University of 
Science and Technology, Shenzhen 518055, China 
c School of Intelligent Manufacturing and Equipment, Shenzhen Institute of Information Technology, Shenzhen 518172, China 
d University and College of Optoelectronic Engineering, Chongqing University, Chongqing 400044, China   

A R T I C L E  I N F O   

Keywords: 
First principles calculations 
NEGF 
Hydrogenation 
Boron phosphide 
External stimulus 
Transport feature 

A B S T R A C T   

Combining the first principles calculations and the non-equilibrium Green’s function formalisms, we decipher the 
structural, electronic, and transport properties of boron phosphide (BP) with hydrogenation. Hydrogenated BP 
monolayer is an indirect semiconductor with a wide-bandgap of 3.76 eV that is favorable in power devices. We 
find that the electronic properties are dependent of the stacking orders and the binding strength of the AA-, AB-, 
and AE-stacked patterns are strongest in the investigated configurations. Under the external E-field, the bandgaps 
of hydrogenated BP bilayer show a quasi-parabolic function and a feature of the semiconductor-metallic tran-
sition. Besides, when we apply a tensile strain on hydrogenated BP bilayer, its bandgap linearly decreases with 
the increasing of the strain strength along the zigzag and armchair directions. The strain energies further confirm 
that hydrogenated BP has an excellent characteristic of elastic deformation, being independent of the stacking 
orders and strain orientation. The transport calculations exhibit various responses to the different two-probe 
configurations, which indicates that hydrogenated BP possesses the feature of transmission anisotropy. Owing 
to the nontrivial tunability and transport feature, the hydrogenated BP materials may have tremendous prospects 
to be applied in micro-/nano-devices with high consumption.   

1. Introduction 

Owing to the fast development of semiconductor technologies, the 
Moore’s law has obtained considerable progress in recent decades. 
Nevertheless, its industrial influence and authority are gradually 
descending due to the physical limits of transistors and bulk materials. 
[1] In order to overcome this technical obstacle, unremitting endeavor 
has been still performed to research for novel FETs with smaller the 
feature size and higher operation performance.[2–4] The FinFETs pro-
posed by Chenming Hu[3] broken the development dilemma of Moore’s 
law, which possesses the smaller feature size compared with that of 
conventional transistors.[5] The novel device architectures enable the 
FinFETs to provide excellent electrostatic control capability and miti-
gate the short channel effect,[5,6] being considered to be the next- 
generation semiconductor craftwork. However, the conventional bulk 
materials as the channel materials of FinFETs have been unable to meet 

the high performance requirements due to the prominent short channel 
effect, thus the exploration of new channel materials is the core issue of 
FinFETs process. Currently, the III-V compound semiconductors have 
attracted much research attention as channel materials of FinFETs 
because they possess many advantages compared to conventional silicon 
based materials, such as high carrier mobility, sizeable bandgap, and 
lower in-plane dielectric constant, etc.[7–10] 

Monolayer boron-phosphide (BP), a graphene-like III-V binary 
compound, is an n-type 2D crystal with the planar honeycomb structure. 
[11–13] It has aroused enormous interest in the field of future nano-
electronics due to the outstanding properties such as good thermoelec-
tricity, direct-bandgap, and extraordinary mechanical characteristics, 
etc.[11,14–17] Although BP monolayer has not been synthesized on the 
experimental level, researchers have accurately predicted that its dy-
namic stability is stronger than that of silicene on the theoretical level. 
[11] Interestingly, the hole and electron mobility of BP monolayer are 
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similar to those of graphene,[18] but much larger than phosphorene and 
BN nanosheets,[10,19,20] which may make it a very promising channel 
material in the field of FinFETs. Unfortunately, the small direct-bandgap 
of BP monolayer may become a deathful defect for the downscaling of 
the feature size because of the low breakdown voltage of narrow 
bandgap materials. The one order of magnitude larger breakdown 
voltage strength of materials enables a reduction of device size to 1/10 
of that required for silicon.[21,22] Therefore, the tunability of BP 
monolayer is urgently expected to be investigated in order to meet the 
requirements of operation performance and feature size of FinFETs. 
Nowadays, hydrogenation engineering has become a powerful tool in 
effectively modulate the energy bandgap and the properties in the 2D 
materials domain.[23–25] By means of surface hydrogenation, a 
considerable bandgap is opened in the band structures of graphene, 
germanene, and silicene.[26–28] On the other hand, many previous 
studies have shown that the interior factors (the stacking order and 
hole/electron-doping) and the external perturbations (E-field and me-
chanical stimuli) have remarkably influence on the characteristics of 2D 
materials and the operation performance of nanoelectronic devices. 
[12,23,29] Accordingly, the surface hydrogenation of BP monolayer and 
the variation tendency of the corresponding properties under different 
conditions are worth investigating to offer practical guidance for the 
fundamental investigation and industrial applications. 

In this article, we theoretically predict hydrogenated BP monolayer 
and systematically explore the influence of the interior factors and the 
external perturbations on the structural, electronic, and current–voltage 
(I-V) characteristics of hydrogenated BP monolayer from the atomic and 
device scale by means of the non-equilibrium Green’s function (NEGF) 
method combined with the first-principles calculations. The phonon 
calculations demonstrate that hydrogenated BP monolayer has 
outstanding stability. The band structures show that when BP monolayer 
is fully hydrogenated on the surface, its bandgap is enlarged to 3.759 eV 
which is an indirect-gap, suggesting that hydrogenated BP monolayer 
possesses the high breakdown voltage. Meanwhile, the calculation re-
sults reveal that the electronic properties of hydrogenated BP monolayer 
can be effectively tailored by applying the stacking order, E-field, and 
mechanical strain. However, the I-V characteristics demonstrate that the 
mechanical strain and electron-doping within the certain range have 
almost no influence on the macroscopic properties of hydrogenated BP 
monolayer. 

2. Computational methods 

For our research, we perform the DFT calculations within the 
framework of three DFT implementations, namely, the Cambridge 
Sequential Total Energy Package (CASTEP), the DMol3 package, and the 
Atomistix Toolkit (ATK) package.[30,31] The CASTEP is utilized to 
compute the phonon spectrum to describe the dynamical stability of BP 
layer with hydrogenation. The structural and electronic properties of 
hydrogenated BP under different conditions are discussed by adopting 
DMol3 code. For ATK package, it is used to explore the transport prop-
erties with/without hydrogenation. These three DFT codes adopt the 
generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA- 
PBE) as the exchange–correlation functional.[31] In order to minimize 
artificial interactions between two adjacent images, the vacuum thick-
ness in the direction perpendicular to the slab surface is larger than 15 Å 
for all computational configurations. Additionally, a primitive cell of 
hydrogenated BP monolayer is used for the phonon dispersion and 
electronic properties calculations. 

CASTEP details: The phonon dispersion is calculated by using the 
plane-wave basis set with Norm conserving pseudopotentials. To over-
come the underestimation problem of GGA-PBE in the bandgap, the 
HSE06 hybrid functional method is adopted to calculate the bandgap. 
[32] The energy cutoff of the plane waves is set to 550 eV with the 
energy precision of 10− 5 eV per atom.[33] The Brillouin zone (BZ) in-
tegrations are carried on by using a 9 × 9 × 1 Monkhorst-Pack grid. 

DMol3 details: The all-electron double numerical atomic orbital plus 
polarization (DNP) basis set is employed, which can effectively and 
accurately obtain the electronic properties and crystallographic struc-
ture. The DFT + D method within the Grimme scheme is adopted to 
better understand the long-range van der Waals (vdW) interaction be-
tween the neighboring layers.[23] All of atoms in the hexagonal lattice 
are completely relaxed by the conjugate gradient method until the re-
sidual force is less than 0.005 eV Å− 1 and the energy convergence 
tolerance is set to 10-5 eV. The BZ is sampled by using a 24 × 24 × 1 k- 
point within the Monkhorst-Pack scheme for geometric optimization 
and electronic structure computations. 

ATK details: In the NEFG-DFT calculations, we adopt the double-ζ 
plus polarization basis set (DZP) to expand the wave functions and the 
Troullier-Martins pseudopotentials are used for the atomic cores.[30] 
The density mesh cutoff is set to 75 Hartree (1 Ha = 27.2114 eV) which 
meets the balance between computation efficiency and accuracy. The k- 
point grids of 5 × 5 × 100 and 8 × 8 are used to sample the BZ of devices 
in the × , y, and z direction for the self-consistent and for the I-V 
response and transmission spectrum, respectively. According to the 
Landauer − Büttiker formalism, when a finite bias voltage is applied, the 
current is driven to flow through the system, obtained from integration 
of the transmission spectrum:[34] 

I =
2e
h

∫

T(E,Vb,Ne)[f (E − μL) − f (E − μR)]dE  

where T(E,Vb) is the transmission probability of electrons incident at an 
energy E from the left to the right electrode under an applied bias 
voltage Vb, and f

(
E − μL,R

)
is the Fermi-Dirac distribution of electrons in 

the left (L) and right (R) electrode with the respective chemical potential 
μL = EF + Vb/2 and μR = EF − Vb/2 shifted correspondingly up or down 
relative to the Fermi energy EF. 

3. Results and discussion 

Before starting the investigation of geometric structure and elec-
tronic properties of hydrogenated BP monolayer, the authoritative evi-
dence determining the dynamical stability of hydrogenated BP 
monolayer must be clarified. Consequently, the phonon spectrum along 
the high symmetry directions in the Brillouin zone and the density of 
phonon states (DOPS) of hydrogenated BP monolayer are calculated and 
shown in Fig. 1. The imaginary frequency is absent in the entire Brillouin 
zone, indicating that hydrogenated BP monolayer is kinetically stable. 
This is in accordance with the result obtained by Keyan et al.[32] In 
particular, the highest frequency of hydrogenated BP monolayer reaches 
up to 2470 cm− 1 which is larger than that of 1600 cm− 1 in graphane 

Fig. 1. Phonon frequency dispersions of hydrogenated BP monolayer.  

C. Tan et al.                                                                                                                                                                                                                                     



Applied Surface Science 572 (2022) 151196

3

[35], 2100 cm− 1 in silicane[36], 2000 cm− 1 in germanane[36], and 740 
cm− 1 in hydrogenated arsenene[37], whereas it is smaller than that of 
3200 cm− 1 in hydrogenated BN monolayer[38]. Therefore, the B-H and 
P-H bonds are more robust than C-H, Si-H, and Ge-H bonds, but weaker 
than B-H and N-H bonds of hydrogenated BN monolayer. In addition, the 
DOPS of hydrogenated BP monolayer is compatible with the phonon 

dispersions. The phonon results indicate that the possibility of experi-
mental preparation of hydrogenated BP monolayer in future through the 
several methods.[39–41] 

To achieve a rational understanding for hydrogenated BP monolayer, 
we first analyze the atomic structure of optimized BP monolayer 
bonding with H atoms, as illustrated in Fig. 2(a). The structure param-
eters of pristine and hydrogenated BP monolayer including the lattice 
constant (a), the length of B-P bonds (dBP), the length of B-/P-H bonds 
(dBH/dPH), the buckling distance (Δd), and the bond angle (θ), are listed 
in Table 1. It should be noticed that the lattice constant after hydroge-
nation is 3.25 Å which is almost unchanged compared with that (3.22 Å) 
of pristine BP monolayer, and the corresponding B-P bond length 
slightly increases to 1.95 Å from 1.86 Å. Simultaneously, the lengths of 
B-H bond and P-H bond are 1.21 Å and 1.42 Å, being in agreement with 
that in hydrogenated h-BN and hydrogenated blue phosphorene, 
respectively.[42,43] Owing to the difference in atomic radius between B 
atom and P atom, the length of P-H bond is larger than that of B-H bond. 
The P-B-P bond angles decrease by 7.5◦ when H atoms are anchored on 
the top site of B and P atoms. In addition, hydrogenated BP monolayer 
possesses a buckled honeycomb structure with a buckling height of 0.56 

Fig. 2. (a) Top and side view of optimized geometry and (b) the band structures and partial density of states of hydrogenated BP monolayer. The Fermi level is 
assigned at energy zero. 

Table 1 
Equilibrium lattice constant (a), the length of B-P bonds (dBP), the length of B-/P- 
H bonds (dBH/dPH), the buckling distance (Δd), the bond angle (θ), and band gap 
(ΔE) of pristine and hydrogenated BP monolayer.  

Material a 
(Å) 

dBP 

(Å) 
dBH 

(Å) 
dPH 

(Å) 
Δd (Å) θ 

(deg) 
ΔE (eV) 

Pristine 
BP  

3.22  1.86 – –  0.00  120.0 0.95 GGA 
1.37 
HSE06 

HBPH  3.25  1.95 1.21 1.42  0.56  112.5 3.76 GGA 
4.41 
HSE06  

Fig. 3. Five stacking configurations of bilayer hydrogenated BP. Top and side views of the atomic structure of (a) AA-, (b) AB-, (c) AC-, (d) AD-, and (d) AE-stacking 
with the full relaxation. 
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Å, which is caused by the sp3 hybridization of B and P atoms.[44,45] The 
band structures distinctly show that hydrogenated BP monolayer is a 
wide-bandgap semiconductor with an indirect ΔE of 3.76 eV, where the 
conduction band minimum (CBM) and valence band maximum (VBM) 
are located at the M point and Γ point in the BZ, respectively. It indicates 
that hydrogenation can trigger a direct-to-indirect gap transition, where 
the prominent change in the effective masses could be found at the zone 
boundaries of the gap transition.[46,47] Furthermore, the s orbital of H 
atom is strongly hybridized with the p orbital of B and P atoms in hy-
drogenated BP monolayer, which has a prominent contribution to the 
DOS in the valence band and conduction band, as shown in Fig. 2(b). 

Stacking order is emerging as a versatile tool to tailor the atomic 
structures and physicochemical properties of 2D materials, opening up 
numerous possibilities for shaping the future of 2D materials-based 
nanoelectronic and optoelectronic devices.[48–50] Moreover, as the 
thinnest multilayer structure in 2D materials, bilayer system can char-
acterize the stacking-dependent electronic/optical properties and 
interaction between adjacent layers.[49] Consequently, it is interesting 
to decipher how the electronic properties of bilayer hydrogenated BP 
response to different stacking orders. Five possible stacking configura-
tions of bilayer hydrogenated BP are considered, namely, AA-, AB-, AC-, 
AD-, and AE-stacking. As depicted in Fig. 3(a), two hydrogenated BP 
monolayers are directly stacked to construct the AA-stacking confor-
mation with a perfect match in the xy-plane, whereas in AB-stacking (see 

Fig. 3(b)) the P atom of the top layer is vertically directed at the center of 
the benzene-like ring of the bottom layer. For the AC-stacking, it can be 
viewed as rotating the top layer of the AA-stacking by 180◦ around z axis 
perpendicular to the xy-plane. Subsequently, by mean of rolling-over the 
top layer of the AC-stacking on the vertical dimension can obtain the AE- 
stacking, as displayed in Fig. 3(d). In the AD-stacking, it can be noted 
that the top layer is a mirror image of the bottom layer. The calculated 
structural and electronic parameters are listed in Table 2. It is found that 
the lattice constants (ah) and bond lengths (dhBP, dhBH, and dhPH) are 
almost unchanged, which indicates that the structural parameters of 
bilayer hydrogenated BP are independent of the stacking orders. Among 
the five stacking configurations, the most noticeable difference is the 
interlayer distance (d-Spacing) between top and bottom layer, which 
varies from 1.407 Å in the AE-stacking to 2.251 Å in the AD-stacking. On 
the basis of the binding energies, the AA-, AB-, and AE-stacking are 
energetically the most favorable, their Eb are 0.038 (0.045), 0.031 
(0.038), and 0.035 (0.042) eV lower than that of AC-stacking (AD- 
stacking). The interaction strength of layer-to-layer is stronger than that 
between BP layer and substrate.[47] 

The band structures of AA-, AB-, AC-, AD, and AE-stacked bilayer 
hydrogenated BP are presented in Fig. 4(a)-(e). Surprisingly, the indirect 
bandgap feature is retained, where the CBM and VBM are still located at 
the M and Γ point.[49] This indicates that the indirect-gap feature is not 
sensitive to the stacking orders. It can be found that the ΔEh of AD- and 
AE-stacked configurations are 0.05 and 0.06 eV higher than the ΔE of 
hydrogenated BP monolayer, respectively. In contract, AA-, AB-, and 
AC-stacked conformations show a decrease behavior in the ΔEh values. 
The ΔEh are reduced by 1.04, 1.06, and 1.00 eV when two hydrogenated 
BP monolayers are stacked to form AA-, AB-, AC-stacking, respectively. 
Therefore, stacking orders could be a powerful tool in the bandgap en-
gineering of 2D materials. In order to gain further insights into the band 
structures of five stacked conformations, the corresponding isosurfaces 
of charge densities at CBM and VBM are depicted in Fig. 4(f)-(j). One can 
see that the CBMs of AA-, AB-, and AC-stacked patterns are completely 
localized in the top layer and contributed by the B-P bonds, representing 
a σ bond feature. However, their VBMs are contributed from the 

Table 2 
Relaxed lattice constants (ah), bond lengths (dhBP, dhBH, and dhPH), interlayer 
distances (d-Spacing), binding energies (Eb), and bandgaps (ΔEh) of bilayer hy-
drogenated BP with five different stacking orders.  

Stacking 
order 

ah dhBP dhBH dhPH d- 
Spacing 

Eb ΔEh 

AA  3.227  1.946  1.212  1.420  1.413 − 0.127  2.72 
AB  3.227  1.946  1.212  1.420  1.485 − 0.120  2.70 
AC  3.227  1.947  1.212  1.422  2.157 − 0.089  2.76 
AD  3.236  1.952  1.211  1.424  2.251 − 0.082  3.81 
AE  3.225  1.945  1.208  1.423  1.407 − 0.124  3.82 

The units of distance and energy are Å and eV, respectively. 

Fig. 4. Calculated band structures of (a) AA-, (b) AB-, (c) AC-, (d) AD-, and (e) AE-stacked configurations and (f, g, h, i, j) the isosurface plot of charge density 
corresponding to CBM and VBM of AA-, AB-, AC-, AD-, and AE-stacking. The isovalue is taken as 0.03 e/Å3. The Fermi level is set to be 0 eV. 
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electronic states of top and bottom layers, showing the π bond charac-
teristic, which provides an indirect evidence for the effect of interlayer 
interaction on the band structure.[51,52] In the AD- and AE-stacked 
configurations, the electronic states of CBM and VBM are all localized 
on the both top and bottom layers, which is responsible for the slight 
increase of band gap. 

A tremendous amount of theoretical and experimental achievements 
has shown that mechanical strain and external electrical field (E-field) 
can be a routine technique roadmap in effectively modulating the band 
structure, optical and magnetic properties, and interfacial barrier height 
at 2D materials based nanoelectronic devices.[53–57] As a result, it is an 
interesting investigation to explore the tunability of the electronic 
properties of different stacked patterns through mechanical strain and 
external E-field. In this section, the response of the electronic properties 
of five stacked configurations to external strain and E-field is primarily 
discussed. 

As above discussed, the band gaps of AA-, AB-, and AC-stacked 
structures have a remarkable decrease compared to that of 

hydrogenated BP monolayer, whereas AD- and AE-stacked structures 
show a slight increase behavior. The underlying mechanism of these 
behaviors can be contributed to the splitting and degeneracy of con-
duction bands and valence bands that are induced by the interlayer 
interaction. Previous studies have found a giant Stark effect in few-layer 
C2N[50], BN nanostructures[58], and MoS2 bilayer[59], etc. This effect 
is responsible for the tunable of electronic structures of 2D materials 
under external E-field conditions. For the external strain, the tunable 
mechanism in the electronic structures is contributed from the high 
sensitivity of the band structures near the Fermi level to the orbital 
coupling/interaction-neighboring atoms within the crystal, and the 
magnitudes of external strain have a remarkable influence on the degree 
of orbitals interaction.[60] In order to clarify the tunable possibilities of 
perpendicular E-field and external strain in the electronic structures, the 
response of band structures of five stacked patterns to different E-field 
and mechanical strain are investigated. As shown in Fig. 5(a), the pos-
itive orientation of vertical E-field is taken as from bottom layer to top 
layer of bilayer hydrogenated BP. Clearly, the bandgap of five stacked 

Fig. 5. (a) Schematic illustration of applied E-field in the bilayer hydrogenated BP, where the positive orientation of E-field is donated by red arrows. Vertical E-field 
dependent bandgap of (b) AA-, (c) AB-, (d) AC-, (e) AD-, and (f) AE-stacked bilayer hydrogenated BP. 
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configurations is highly sensitive to the vertical E-field and the semi-
conductor–metal transition is observed at a sufficient E-field. For the 
AA-stacking, we find that the response of bandgap to vertical E-field 
within the range of − 0.30 to 0.15 V/Å is a quasi-parabolic function in 
which the bandgaps decrease monotonously with the increase of the 
positive E-field, whereas for the negative E-field the bandgap firstly 
increases and then decreases in the investigated range. The non- 
symmetric variation of the bandgaps is attributed to the polarity of B 
and P atoms.[61,62] Notably, when the positive and negative E-fields 
are increased to 0.20 and − 0.30 V/Å. respectively, the band structures of 
the AA-stacked pattern are transited to metallic feature from semi-
conductor characteristic. In Fig. 5(c) and (d), it is found that the varia-
tion trend of the bandgap of the AB-stacked configuration is almost 
similar to that of the AC-stacking, and the relationship between bandgap 
and E-field behaves a pseudo-shark fin shape. One can see that the 
bandgap of both two stacked patterns non-linearly decreases within the 
range from 0 to 0.30 V/Å, while in the range of − 0.15 ~ 0.00 V/Å the 
bandgap shows a monotonic increasing trend. Interestingly, the 
bandgap is dramatically reduced when the negative E-field is increased 
in increments of − 0.05 V/Å under the range of − 0.30 ~ − 0.15 V/Å, 

which indicates that a small external stimulus can be proposed as an 
effective tailoring tool in the electronic structures of advanced nano-
materials. For the AD- and AE-stacked configurations, the bandgap as a 
function of applied E-field exhibit a quasi-parabolic behavior and the 
bandgap non-linearly decreases with the increase of positive or negative 
E-field, as illustrated in Fig. 5(e) and (f). The distinguish between these 
two stacked patterns is that the bandgap variation of AD-stacking pos-
sesses the better parabolic curve, whereas it is not expected to obtain in 
the AE-stacked structure. When the negative E-field is set as − 0.30 V/Å, 
the semiconductor–metal transition can be observed. For the positive E- 
field, the metallic feature of AD- and AE-stacking occurs at 0.30 and 
0.25 V/Å, respectively. 

In addition to the external E-field, the effect of mechanical strain 
(tensile strain) on the band structures of bilayer hydrogenated BP is also 
evaluated. Moreover, the strain energy is also taken into account to 
investigate the degree of structural deformation, being defined as 
ΔE = Edeformed − Epristine in which Edeformed and Epristine are the total energy 
of deformed and pristine stacked structure, respectively. As depicted in 
Fig. 6(a), there are two directions of tensile strain, namely armchair and 
zigzag orientations. The investigated range of tensile strain in the both 

Fig. 6. The electronic properties of five stacked configurations varied with tensile strain. (a) Two directions of tensile strain applied in the different stacking orders. 
The variation of bandgap and strain energy of (b) AA-, (c) AB-, (d) AC-, (e) AD-, and (f) AE-stacked conformations as a function of tensile strain in the armchair and 
zigzag directions. 
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orientations is selected from 0% to 15% to explore the limitation of the 
elastic deformation of various stacked conformations. For the tensile 
strain of zigzag direction, it can be distinctly observed that the bandgap 
of five stacked configurations displays a smooth nonlinear dependence 
with tensile strain, as plotted in Fig. 6(b)-(f). The bandgap monoto-
nously decreases with the increasing of tensile strain under the inves-
tigated window of 0% to 15%. In the meantime, the corresponding 
bandgaps of AA-, AB-, AC-, AD-, and AE-stacked patterns are reduced by 
1.59, 1.62, 1.67, 1.65, and 1.73 eV respectively after applying 15% of 
tensile strain. Compared to the case of the zigzag direction, the variation 
level of bandgap value for all stacking orders is smaller within the range 
of 0%–11% of tensile strain along the armchair orientation. Unexpect-
edly, the bandgap at 12%-15% tensile strain diverges from the 
decreasing principle observed at 0%-11%, and its reduction trend is 
steeper than that under other strain conditions. When the tensile strain is 
changed from 0% to 15%, the reduced bandgap values are 1.38, 1.39, 
1.45, 1.51, and 1.52 eV for AA-, AB-, AC-, AD-, and AE-stacked struc-
tures, respectively. These values are smaller than that calculated in the 
zigzag orientation, which reveals that the bandgap variation is depen-
dent of the strain direction to a certain extent. In addition, the strain 
energy at the corresponding tensile strain is also computed to provide a 

quantitative description for evaluating the limitation of elastic defor-
mation of various stacked configurations. The dependence of the 
bandgap on tensile strain for different stacking orders is presented in 
Fig. 6(b)-(f). As we can see, the strain energies for all the investigated 
stacking orders monotonously increase with a smooth curve at 0%-15% 
tensile strain along zigzag or armchair direction. The range of elastic 
deformation of bilayer hydrogenated BP is comparable to that of ultra-
thin black phosphorus, and larger than the AlAs/germanene hetero-
structure.[23,55] Besides, there is not a positive to negative transition in 
the strain energy for both zigzag and armchair orientations. These re-
sults confirm that the 0%-15% tensile strain belongs to the scope of 
elastic deformation where the deformation structure induced by the 
external strain can be restored to the original state after removing the 
tensile strain. At the same time, the strain energies in both zigzag and 
armchair orientations are almost the same, suggesting that the strain 
energies are independent of the stacking orders and the orientation of 
tensile strain. Unfortunately, as shown in Figure S6, there are imaginary 
frequency in the AA structures when the tensile strength is applied from 
11% to 15% in the armchair direction. Therefore, it can get a conclusion 
that the elastic deformation capacity of HBP bilayers is much weaker 
than that of graphene. 

Fig. 7. Schematic representation of the two-probe configurations where metallic atoms (orange shade region) are acted as the semi-infinite left and right electrodes 
that are in contact with the central scattering region along the zigzag and armchair orientations. 
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As the above discussed, bilayer hydrogenated BP constructed by 
different stacking orders possesses the outstanding tunability in the 
electronic structures by mean of external stimulus (i.e. mechanical strain 
and E-field). However, it cannot be directly confirmed that hydroge-
nated BP layer has remarkable electronic performance in the device 
level. Consequently, to definitely estimate the performance of hydro-
genated BP layer as a nanoelectronic device, we perform the calculations 
of transport transmission and current–voltage (I-V) characteristic by 
employing the non-equilibrium Green’s function (NEGF) approach. The 
NEGF method has broken through the barrier between the experimental 
and theoretical researches, and the results based on this method can be 
directly compared with the data measured in the experiment. Previous 
studies have clearly shown that the electron transport is dependent on 
the structural anisotropy, thus two transport models along zigzag and 
armchair directions are constructed in the transport calculations. 
[30,63–65] Two representative configurations of the two-probe systems 
consisted of hydrogenated BP monolayer along zigzag and armchair 
orientations are illustrated in Fig. 7. For the zigzag case, the central 
scattering region is constructed by a 1 × 12 supercell, whereas a 3 × 12 
supercell is considered in the armchair case. In addition, the lattice- 
constant mismatching of hydrogenated BP monolayer with Au layer is 
negligible because the mismatch is less than 2% in the zigzag and 
armchair orientations. The calculated I-V curves along the zigzag and 
armchair orientations of hydrogenated BP monolayer is shown in Fig. 8 
(a). The current passing through the central scattering region can be 
approximately zero before the bias between left and right electrodes is 
up to 1.5 V. The inherent mechanism is attributed to the location shifting 
of the Fermi level of the left electrode of the two-probe configuration 
with respect to the right electrode. When the VBM of the left electrode 
touches the CBM of the right electrode, the current begins to gradually 
increase from zero. As a result, with the further increasing of the bias 
voltage between two electrodes, the currents along the zigzag and 
armchair directions increase rapidly. This is the expected characteristics 
in the wide-bandgap semiconductors. Unsurprisingly, the total current 

passing the hydrogenated BP monolayer is only of the order of nano- 
Amperes (nA) regardless of the transport direction, which is several 
orders of magnitude smaller than that flowing through phosphorene 
nanoribbon along the armchair orientation under the same bias voltage. 
[66] Besides, it can be noted that the currents of the armchair directional 
configuration are significantly larger than that along the zigzag orien-
tation, which reveals that hydrogenated BP monolayer possesses the 
feature of transport anisotropy. Interestingly, a negative differential 
resistive (NDR) behavior is clearly observed in the computed I-V char-
acteristics, suggesting that hydrogenated BP monolayer has a promising 
application prospect in the field of high-frequency oscillators and field- 
effect transistors.[67,68] As the increase of the bias voltage within the 
range of 3.5 to 4.0 V (armchair direction) and 4.0 to 4.5 V (zigzag di-
rection), the total current of the two-probe devices has a slight reduction 
behavior. In comparison to the phosphorene nanoribbon with the zigzag 
direction, the NDR effect in hydrogenated BP monolayer is less promi-
nent, whereas it is equivalent to that of the armchair silicene nano-
ribbons in variation level.[66,69] Furthermore, the transmission 
spectrums of the two-probe configurations constructed by hydrogenated 
BP monolayer under various applied biases are calculated to better 
understand the I-V characteristics of hydrogenated BP. In Fig. 8(b), we 
find that the transmission coefficient of the armchair directional 
configuration is higher than that along the zigzag direction at the same 
applied bias. This result further confirms the transmission anisotropy of 
hydrogenated BP. Meanwhile, the potential barriers for holes (Φh) in 
both two orientations are dependence with the biases applied to the left 
and right electrodes. As we can see, the Φh increases with the increasing 
of the applied bias and the corresponding values for the zigzag config-
uration are larger than that along the armchair direction. For the two-/ 
three-terminal devices, the current path in channel materials is a critical 
technique point. Therefore, in order to distinctly trace the transmission 
pathway for electrons or holes, we perform the calculations of trans-
mission eigenstates. Fig. 8(c) presents the isosurface plots of the 
computed zigzag and armchair directional transmission eigenstates at 

Fig. 8. (a) The I-V characterization and (b) Bias-dependent transmission spectrum of hydrogenated BP monolayer along zigzag and armchair orientations. Isosurface 
plots of the computed zigzag and armchair directional transmission eigenstates at an energy of − 1.0 eV under a bias of 3.0 V are presented in (c). The Fermi level is 
set to zero. 
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an energy of − 1.0 eV under a bias of 3.0 V. One can see that the 
amplitude of the eigenstates gradually decreases along the transmission 
direction and the eigenstates on the right side of the central scattering 
region can be clearly observed. It reflects that the incident states on the 
left side of the central scattering region have the large transmission 
probability to pass through the scattering region and reach the right 
electrode. Nevertheless, the amplitude of the eigenstates for the 
armchair orientation is larger than that along the zigzag orientation, 
which further confirms that the armchair configuration possesses a 
higher transmission coefficient. 

4. Conclusions 

In summary, we systematically describe the structural, electronic, 
and transport properties of hydrogenated BP layer by means of the first 
principles calculations. The effect of stacking orders and external stim-
ulus (i.e. mechanical strain and external E-field) on the electronic 
structures is also investigated. Our results show that BP monolayer 
passivated by hydrogenation possesses the buckled honeycomb struc-
ture with an indirect gap of 3.76 eV and the binding of the AA-, AB-, and 
AE-stacked patterns is the strongest among five the stacked configura-
tions. In comparison to the bandgap of the hydrogenated BP monolayer, 
the bandgaps in AA- and AB-stacking are induced by 1.0 eV, whereas for 
AE-stacking the band structure is slightly enlarged. This behavior is 
ascribed to the splitting and degeneracy of conduction bands and 
valence bands. For the external E-field, the bandgap of five stacked 
configurations is highly sensitive to the vertical E-field and the semi-
conductor–metal transition is observed at a sufficient E-field. In the 
strain calculations, we find that the bandgap decreases monotonously 
with the increasing of the tensile strain within the range of 0–15% and 
the positive to negative transition in the strain energies is not observed 
in the investigated range regardless of the strain direction. These results 
suggest that the mechanical strain and E-field can effectively modulate 
the electronic properties, being expected in the device applications. 
Transport calculations present the existence of the transmission anisot-
ropy and the negative differential resistive behavior, indicating that 
hydrogenated BP holds the promising potential for the field of high- 
frequency oscillators and field-effect transistors. At the same bias, the 
total current flowing through the hydrogenated BP is several orders of 
magnitude smaller than that in graphene-like materials. These 
outstanding properties present prospective applications of nano-
electronics and micro-power devices based on hydrogenated BP. 
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