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Two-dimensional (2D) materials have attracted a growing interest due to their potential use in the next generation of nano-

electronics and optoelectronic applications. On the basis of first-principles calculations based on density functional theory, we

first investigate the electronic and mechanical properties of single layer boron phosphide (h-BP). Our calculations show that

h-BP is a mechanically stable 2D material with a direct band gap of 0.9 eV at the K-point, promising for both electronic and

optoelectronic applications. We next investigate the electron transport properties of a p-n junction constructed from single layer

boron phosphide (h-BP) using the non-equilibrium Green’s function formalism. The n- and p-type doping of BP are achieved by

substitutional doping of B with C and P with Si, respectively. C (Si) substitutional doping creates donor (acceptor) states close to

the conduction (valence) band edge of BP, which are essential to construct an efficient p-n junction. By modifying the structure

and doping concentration, it is possible to tune the electronic and transport properties of the p-n junction which exhibits not only

diode characteristics with a large current rectification but also negative differential resistance (NDR). The degree of NDR can be

easily tuned via device engineering.

1 Introduction

Major improvements in the capabilities of electronics have

been achieved by the increasing use of silicon-based devices

for half a century. However, the current silicon technology is

predicted to reach its limits in the near future. A family of

materials with reduced dimension and size, in particular III-V

binary compound semiconductors, has gained in importance.

Recent advances in the growth of graphene and graphene like

ultra-thin materials have not only enabled the preparation of

high quality ultra-thin films but also provided researchers with

a variety of single layer crystals with remarkable electronic

properties at the nanoscale.

Following the synthesis of graphene1–4, single layer hexag-

onal Boron Nitride (h-BN) has attracted considerable interest

during the past ten years. SiO2 substrates which have been

widely used as supporting materials to ultra-thin monolayer

crystals are known to degrade the charge carrier mobility of

the overlying systems due to the existing defect states5–8. On

the other hand, its clean monolayer hexagonal crystal struc-

ture, flatness and dielectric behavior (ε ∼= 3− 4) make h-BN

an ideal choice as a substrate for nanoscale transistors. In ad-

dition, h-BN has already been used in various applications

such as protective coatings9,10, transparent membranes7 and

deep ultraviolet lasers11. A majority of the studies conducted

so far have been limited to metal growth on supported h-
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BN12,13, energetics of various defects14,15, substrate induced

nanomesh formation16 and characteristics of various vacancy

types17,18. In addition, Park et al.19 showed that carbon doped

monolayer h-BN has unique magnetic and optical properties

with several possible applications in magneto-optics and opto-

electronics19.

Among the III-V binary compounds boron phosphide (BP)

has also attracted considerable attention. Although BP is

abundant in nature in the zincblende phase, it can be found

also in rocksalt and β -Sn phases20,21. Moreover, the synthesis

of cubic BP via a benzene-thermal reaction of boron powder

and phosphorus trichloride with metallic lithium or sodium

was achieved by Gu et al.22.

In addition to bulk BP, recent studies have revealed the im-

portance of nanostructured BP for technological applications.

Synthesis of nanosized BP structures and the demonstration

of BP-based electrodes for sensitized liquid junction photo-

voltaic solar cells were reported by Schroten et al.23. Stabil-

ity, functionalization and various applications of BP nanotubes

(NTs) were also studied24,25. It was also shown that Si doping

in single walled BPNTs results in a reduction of the electronic

band gap and an increase of electrical conductance26. More-

over, Sahin et al. predicted the stability of monolayer boron

phosphide with hexagonal crystal symmetry (h-BP)27. Dong

and coworkers recently predicted that boron phosphide and

silicon carbide nanoribbons can be used in the fabrication of

promising nano electronic and spintronics devices28.

Motivated by recent experiments demonstrating the suc-

cessful synthesis of monolayers of III-V binary com-
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pounds29,30 and theoretical work27 reporting the stability of

such materials, we investigated the electronic and transport

properties of doped h-BP, by firstly examining the mechanical

stability of the pristine structure. Furthermore, we propose the

utilization of h-BP for the construction of a p-n junction.

The paper is organized as follows: details of the computa-

tional methodology are given in Section 2, electronic prop-

erties and mechanical stability of pristine and doped h-BP

are presented in Section 3 and electronic transport properties

through p and n doped h-BP are examined in Section 4. Con-

clusions drawn from this work are given in Section 5.

2 Computational Methodology

First-principles calculations were performed using the plane-

wave pseudopotential Vienna ab initio simulation package

(VASP)31,32. We have employed the generalized gradient

approximation (GGA) within the projector-augmented wave

method (PAW)33 where the exchange-correlation functional is

approximated with the PBE functional34 using a plane-wave

energy cutoff of 500 eV. Since the band gaps are underes-

timated at the DFT-GGA level, we also carried out calcula-

tions using the HSE06 hybrid functional35–37. A k-point sam-

pling of 11×11×1 was used for the 5×5 supercell. All struc-

tures were relaxed using the special Davidson algorithm38

with simultaneous minimization of the total energy and the

interatomic forces. The convergence for the total energy was

set to 10−5 eV and the maximum residual force allowed on

each atom was fixed at 10−2 eV/Å. The phonon dispersion

curves are calculated with the PHON39 package implemented

in VASP.

Electronic transport across the p-n junction was calcu-

lated using the self-consistent non-equilibrium Green func-

tions (NEGF) technique as implemented in TranSIESTA40

which is interfaced with the SIESTA code41. Double-zeta

(plus polarization) numerical orbital basis sets were used for

all atoms. We employed norm-conserving pseudopotentials42

(the PBE functional) and an energy cutoff for the real-space

mesh of 250 Ry. In order to obtain an accurate transmission

spectrum and electron current as a function of applied bias, the

Brillouin zone normal to the transport direction (which is the

z-direction in this study) was sampled by the k-mesh of 71×1.

In our transport calculations, depending on the doping con-

centration and device geometry, the sizes of the rectangular

electrodes are 11.13 and 16.06 Å. Similarly, the correspond-

ing total cell sizes including electrodes in the transport calcu-

lations along the transport or z direction are set to at least 44

Å. For the longest device geometry, total cell size is taken as

65 Å. Vacuum space normal to the z direction is 12 Å.

While the SIESTA code uses a localized basis set and norm-

conserving pseudopotentials, the calculated lattice parameters

for the undoped BP monolayer agree very well with those ob-
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Fig. 1 Phonon dispersion curve for single layer BP.

tained from the VASP code. For instance, the lattice parameter

for the single layer BN is found to be 3.21 Å with VASP and

3.26 Å with SIESTA. Similarly, the band gap of undoped BP

is calculated as 0.91 eV with VASP and 0.97 eV with SIESTA.

3 Stability and electronic structure of mono-

layer boron-phosphide

3.1 Mechanical stability of single layer pristine BP

Before discussing possible implementation of BP in the p-n

junction applications, we first present its stability and elec-

tronic properties. Since single layer BP has not been synthe-

sized yet, it is mandatory to inspect its stability as a 2D mate-

rial. For this reason, we present a detailed investigation of the

mechanical and vibrational properties of pristine BP.

In order to investigate the stability of single layer BP, anal-

ysis of the phonon modes provides a reliable test. In Fig. 1,

we present the calculated dispersion of the phonon modes of

monolayer BP. Our calculations show that the phonon spec-

trum of BP yields no imaginary frequencies, which is the

signature of instability. As is clear from Fig. 1, except for

the lowest acoustic branch, which is quadratic since transver-

sal forces decay rapidly, longitudinal and transverse acoustic

modes are linear for k → 0. While the first three phonon

branches are the flexural mode (ZA); transversal acoustic (TA)

and longitudinal acoustic (LA) modes have zero frequency at

the zone center and the lowest energy optical branches which

belong to the well-known ZO phonon mode, appear at 299

cm−1. This mode, similar to the A1g mode in graphene, has

out-of-plane counter-phase character. In addition, the degen-

erate high-frequency mode at 956 cm−1 is composed of lon-

gitudinal and transverse optical phonon branches. Eigenvec-

tor analysis reveals that LO and TO modes have Eg character

that corresponds to in-plane counter-phase motions of neigh-
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boring atoms. Therefore, as a characteristic property of the

monolayer BP structure, one can expect two main peaks at 299

and 956 cm−1, in Raman intensity measurements. Calculated

phonon dispersion and values of the vibrational eigenfrequen-

cies are in good agreement with Ref. 27. It is seen that only

the highest optical mode has a slightly lower eigenfrequency

than that of reported in Ref. 27. Here the reason of the slight

deviation is the overestimated bond strength and phonon fre-

quencies in the LDA approach of Ref. 27.

For better perception of the mechanical stability, the elastic

constants of single layer BP are also calculated. Since single

layer BP belongs to the D3h space group, there are two inde-

pendent elastic constants, namely, C11 and C12. The in-plane

Young’s modulus (Y) and Poisson’s ratio (ν) can be directly

obtained from the following relations: Y=(C2
11-C2

12)/C11 and

ν=C12/C11. The calculated C11, C12, Y, and ν values are 145.9

N/m, 38.8 N/m, 135.6 N/m, and 0.27, respectively. Compar-

ison with other well known 2D materials, namely graphene,

BN, and MoS2, reveals that BP is mechanically as stable as

MoS2, yet less stiffer than both graphene and single layer h-

BN27,43, as summarized in Table 1.

Table 1 Calculated elastic constants (in units of N/m), young

modulus Y (in units of N/m), and Poisson’s ratio ν .

C11 C12 Y ν

MoS2 132.7 33.0 124.5 0.25

Graphene 351.9 61.8 341.0 0.18

BN 290.2 64.4 275.9 0.22

BP 145.9 38.8 135.6 0.27

3.2 Bandstructure of single layer pristine BP

The bandstructure of monolayer BP, which reveals a direct

(PBE) band gap of 0.91 eV at the K-point, is displayed in

Fig.2. When calculated with the HSE06 hybrid functional the

band gap increases to 1.34 eV. In Ref. 27, the energy band

gap of monolayer BP was reported as 0.82 eV (with LDA)

and 1.81 eV (with GW). Similarly, a direct band gap of 0.87

eV was predicted by using PBE in Ref. 28. In contrast to

single-layer, bulk zinc-blende BP is an indirect band gap semi-

conductor. The experimentally measured44 and the calculated

band gap with ab initio methods is 2.02 eV45. Once the di-

mension is reduced from 3D to 2D, not only the band gap is

decreased but BP is also converted into a direct gap semicon-

ductor.

It should be noted that another material within the same

class, monolayer BN is an insulator with a large band gap of

4.6 eV46. The lower of band gap of BP is no surprise and is as-

sociated with the different ionicities of each compound, which

is also valid for monolayer BAs. This trend was shown earlier

Fig. 2 Left panel: bandstructure of pristine monolayer BP along the

high symmetry points of the hexagonal BZ, computed with

DFT-GGA (blue lines) and HSE06 (green dashed lines). Fermi level

is set to 0 eV and denoted by red dashed line. Right panels: partial

densities of states of B and P atoms computed with DFT-GGA.

For better visualization, decomposed DOS owing to s and p

states is magnified with a factor of two.

for their bulk counterparts47,48, and is generalized here to their

corresponding monolayer systems. Being a direct band gap

semiconductor with the valence band maximum (VBM) and

the conduction band minimum (CBM) located both at the K-

point, BP turns out to be a suitable 2D semiconductor for nano

electronic applications, with a tunable band gap by chemical

doping, as was previously shown for bulk BP48.

Effective mass (m∗) is also an important parameter which

is indicative of the transport properties of a semiconductor.

Here, m∗ is calculated as the inverse of the second deriva-

tive of E(k) with respect to k. At the CBM, the lateral elec-

tron effective mass (m∗
e) is found 0.115 m0 (along K-Γ) and

0.138 m0 (along K-M) and at the VBM the lateral hole effec-

tive mass (m∗
h) is 0.120 m0 (along K-Γ) and 0.151 m0 (along

K-M), where m0 is the free electron mass. Our results indi-

cate that m∗ is nearly isotropic for electron and holes. When

compared with the corresponding 3D systems, m∗
e and m∗

h are

significantly smaller than both the bulk BP counterpart45 (m∗
e

(lateral) = 1.216 m0, m∗
e (transverse) = 0.255 m0, m∗

h (heavy

hole) = 0.316-0.593 m0 and m∗
h (light hole) = 0.132-0.243 m0),

bulk BN49 (m∗
e (in-plane) = 0.50 m0, m∗

e (out-of-plane) = 1.33

m0 and m∗
h (in-plane) = 0.26 m0, m∗

h (out-of-plane) = 2.21

m0), and also crystalline Si (m∗
e = 0.26 m0 and m∗

h = 0.29 m0).

It is informative to make a similar comparison for the corre-

sponding monolayer semiconducting systems. The calculated

m∗ values are once again significantly smaller than those of

layered BN50 (m∗
e = m∗

h = 0.54 m0) and monolayer MoS2
51

(m∗
e = 0.37-0.38 m0 and m∗

h = 0.44-0.48 m0) and comparable

with single layer black phosphorus52 (m∗
e = 0.09-0.17 m0 and

m∗
h = 0.14-0.22 m0). These data suggest that monolayer BP

is a promising candidate material for the next generation of

electronic devices.
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3.3 Effect of doping on the electronic properties of single

layer BP

A major requirement of a good candidate material for a p-

n junction is the presence of shallow p- and n-type doping

levels. In other words, the aim is to create donor and accep-

tor states close enough to the valence and conduction bands,

forming impurity bands with reasonable dispersion. In that

sense, we chose C-doping which replaces B, and similarly Si

for P53; due to their proximate atomic numbers to each other.

This selection serve as a prototype model to realize p- and n-

doped system. Since Boron has three valence electrons, when

it is doped with Carbon having four valence electrons, n-type

doping occurs due to the extra electron. On the other hand,

when a Silicon atom with four valence electrons replaces one

Phosphorus atom, p-type doping is achieved due to the miss-

ing electron of P. Even though a whole evolution of structural,

electronic properties and charge analyses of BP for different

system sizes were made we will not repeat it here. We tested

regarding the electronic properties; starting from 3×3 up to

8×8 supercells of BP, equivalent to a doping concentration

range of 6 % to 0.08 %. Even if it is a heavily doped system,

owing to its 2% doping concentration, 5×5 supercell of BP

is considered as a prototype system for p-n junction design,

as the impurity band profile is already evident at this size as

shown in Fig. 3.

The required substitutional energy, Esub, is calculated us-

ing the expression Esub = [EBP−doped +Esingle(B/P)]− [EBP+
Esingle(C/Si)] in terms of the optimized total energies of pris-

tine monolayer BP, EBP; dopant atom, EC or ESi; doped mono-

layer BP, EBP−doped ; and of the substituted atom, EB or EP, all

calculated within the same supercell. Esub for 5×5 supercell

are 1.05 eV and 0.73 eV for C and Si substitution, respec-

tively. These data indicate that the substitution is endothermic

for both types but feasible since the required energy is not very

high.

We have also investigated whether local symmetries are pre-

served for the honeycomb monolayer BP (with lattice constant

of 3.21 Å). The B and P atoms indeed preserve the hexagonal

symmetry and planarity with no buckling. However, a major

effect of replacing a B atom with C has been to shorten the

bond lengths. For instance, the B-B bond length of 1.85 Å in

pristine BP decreases to 1.79 Å for C-B bonding. Likewise

for P, the C-P distance of 3.17 Å becomes 3.21 Å for B-P. On

the contrary, substituting Si instead of P has caused a relative

repulsion; e.g. bond lengths of 3.23 Å and 1.92 Å for Si-P

and Si-B, respectively. The B-P bond distance has increased

slightly, too (1.85 Å with respect to the original 1.83 Å). These

results can be understood simply by comparing atomic radii of

the B, C, P and Si atoms: i.e. C has a smaller atomic radius

than B and Si has a larger atomic radius than the P atom.

Regarding the magnetic states of pure and doped systems of

single layer BP, both the former and the latter yield spin unpo-

larized ground states. This is confirmed for varying supercell

sizes.

The electronic bandstructure of 5×5 doped BP is displayed

in Fig. 3. The donor state coming from C doping appears be-

low the lowest occupied conduction band, which leads to n-

type doping. Obviously, the substitution of B with C causes

a substantial shift-down of the valence band minimum. This

phenomenon is attributed to the impurity (donor) states which

constitute the impurity band. Moreover, there is prominent

broadening of the bands, especially at the K-point, with re-

spect to pristine BP.

On the other hand, Si doping results in acceptor states close

to the top of the valence band. The opening between VBM and

impurity band is 0.7 eV. It was found that in general, the bands

of 5×5 BP seem to be slightly more dispersed as compared to

the lighter doped counterparts. However, since this dispersion

level can be tolerated as the impurity band stands out clearly,

5×5 was decided to be a sufficient system size for the use of

electrodes in the following transport calculations of the p-n

junction of BP.

As evident on the right-hand sides of the band plots in

Fig. 3, the charge density of the top valence band (I), is more

or less evenly distributed among mostly the P and partially

B atoms; those that are not nearest neighbors of the substitu-

tional C. On the other hand, the majority of the charge is local-

ized around the C impurity atom for (II), whereas it starts to

be scattered among B and P atoms for the bottom-most con-

duction band. Analogously, for Si doping a similar trend in

the evolution of the charge density distribution is observed.

While C atom contributed with its s electrons to the semi-core

bands, the orbital characteristics of the top two valence bands

are constituted of only pz states with increased total occupan-

cies due to the extra electron donated by C atom. As for the

donor impurity band, they consist mostly of pz type orbitals.

For Si doping, Si atom creates acceptor states. The top states

of the valence band display pz characteristics.

Finally, it is worth mentioning the results from a Bader

charge analysis of single layer BP. For pristine BP, the total

charge is shared among B and P atoms as 2.11 e (B+0.89) for

the former and 5.89 e (P−0.89) for the latter (naturally sum-

ming up to a total of 8 electrons). For n-type doping when C

substitutes B, C atoms possess 5.70 e (C−1.70). While B atom

donates electrons, C atom accepts electrons from the nearest

P atoms, thus resulting in 2.6 e local charge difference with

respect to the pristine system. In a similar manner, for p-

type doping (P substituted by Si), the Si atoms possess 2.20

e (Si+1.80) donating its electrons to the nearest B atoms. This

leads to 3.7 e local charge difference as compared to the un-

doped system. The charge localization corresponding to the

impurity levels are shown in Fig. 3.
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Fig. 3 Electronic structure of (a) C doped and (b) Si doped 5×5 supercells of BP along the high symmetry points of the hexagonal BZ. Red

dashed line denotes the Fermi level. Right-hand sides of both bandstructures display the evolution of the partial charge density distributions

decomposed over the bands. (I), (II) and (III) denote the top-most valence band, impurity band, and bottom-most conduction bands, as also

indicated in the band plots. Top views of substitutionally doped hexagonal monolayer BP are also shown. The pink, green, brown and blue

balls represent the phosphorus, boron, carbon and silicon atoms, respectively.

4 Transport properties of BP based p-n junc-

tion

Next, we investigated the performance of a p-n junction based

on single layer BP. As mentioned in the previous section, n-

and p- type doping of BP were achieved by substituting B with

C and P with Si, respectively. The device structures used in

transport calculations are shown in Fig. 4. In order to cal-

culate the electron transport across the p-n junction shown in

Fig. 4, we partitioned the device into three regions, namely

left electrode, right electrode, and scattering region. The elec-

trodes are modelled as semi-infinite. We focused on the high

doping case with an impurity concentration of 1013 cm−2 on

both the p- and n- sides. Previously, such large doping con-

centration was adopted to construct a p-n junction based on

single layer MoS2
54. As seen in Fig. 4, two different transport

directions, namely zigzag and armchair, are possible. Since

the doping concentration is identical for both device config-

urations, the armchair p-n junction has shorter electrode and

junction regions whose effects on the electron transport are

discussed below.

The transmission coefficient 〈T (E)〉, which refers to the

energy-dependent total probability of electrons to propa-

gate through a device, averaged over a Brillouin zone

perpendicular to the transport direction is defined as:

〈T (E)〉=Tr[Gr
ΓL(E)G

a(E)ΓR(E)]. Here, Gr(a) is the retarded

(advanced) Green function and Γ(L,R)(E)=i(Σr
L,R − Σ

a
L,R) de-

scribes the level broadening due to the left and right elec-

trodes’ expressed in terms of the self energies ΣL,R of the elec-

trodes, which express the influence of the electrodes on the

scattering region.

z

x

Si

CB

P

Left electrode Right electrodeScattering region

L  

intrinsic region

(a)

(b)n-doped p-doped

L

intrinsic region

Fig. 4 The device models: for (a) zigzag and (b) armchair p-n

junction.

The current across the p-n junction is calculated using the

Landauer-Buttiker formula:

I =
2e

h

∫
〈T (E,Vbias)〉[ f (E −µL)− f (E −µR)]dE,

where f (E) (1/[exp(E/kT ) + 1]) is the Fermi distribution

function and µL/R the chemical potential in the left/right elec-

trode. Vbias= (µL − µR)/e defines the bias window. In order

to apply an external bias, the Fermi level of the electrodes are

shifted relative to each other and the electronic occupations

of the system are determined by the electrochemical potential

(i.e., µL/R) of the electrodes.
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Fig. 5 The calculated current-voltage (I-V) curves for (a) zigzag

and (b) armchair terminated p-n junction. Inset in (a) shows I-V for

V=0 - 0.8 V. In (b) I-V curves for armchair terminated p-n junction

with two different intrinsic region sizes are shown.

The I-V curves for both zigzag and armchair terminated p-

n junctions are shown in Fig. 5. An initial clear observation

is that zigzag and armchair p-n junctions exhibit quite differ-

ent I-V characteristics from each other even when the doping

concentrations are the same. Both p-n junctions display a neg-

ative differential resistance (NDR) effect between 0 V and 0.6

V in the forward bias, corresponding to a typical Esaki diode

behavior55. In our device module, there is 1/40 impurity per

host atom, resulting in heavy doping. Due to the strong in-

teractions among the impurities, the bands originating from

impurity atoms broaden into a band either just below the con-

duction band or above the valence band edges.

When a small positive bias is applied, electrons from the

conduction band of the n-region tunnel into available states

in the valence band of the p-region, thereby leading to an in-

crease in the current for 0 < Vbias < 0.6 V, see the inset in

Fig. 5(a). The peak and valley of the current for the zigzag p-n

junction are located at V = 0.3 V and 0.6 V, respectively. In or-
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Fig. 6 Transmission spectrum of the zigzag p-n junction for

different applied bias.

der to better understand charge transport properties, variation

of the transmission spectrum as a function of applied bias for

the zigzag p-n junction is shown in Fig. 6. Since the electrodes

are heavily doped, small transmission peaks appear within the

transport gap, originating from quantum tunneling of electrons

between n and the p sides of the junction. These transmission

features play a significant role in the aforementioned NDR.

With increasing positive voltage, these small peaks become

narrower and lower. For Vbias < 0.3 V, the bias window in-

cludes these transmission peaks, which leads to an increase

in the current. Applying a positive voltage larger than 0.6 V

suppresses these small peaks. At 1 V, the transport gap of the

electrodes coincides, and the transmission spectrum displays

a clear transport gap of 1.0 eV, which is close to the band

gap of pristine BP. Beyond this value, the zigzag-terminated

p-n junction starts to act like a conventional diode with a large

positive rectification. The typical conventional diode behavior

over all applied bias range can be achieved by either decreas-

ing the impurity concentration or increasing the length of the

intrinsic part in the junction region56. In reversed bias, elec-

trons easily tunnel from the valence band of the p-region to

the conduction band of the n-region, giving rise to an increase

in current for Vbias > -0.4 V. The current for negative voltage

exhibits no NDR effect. Contrary to the positive bias case, the

transmission peaks within the transport gap become larger and

contribute to the current with increasing negative voltage.

In Fig. 5(b), we also present I-V curves for armchair ter-

minated p-n junctions having different intrinsic region length

(L). Here, L is defined as the distance between the impurity

atoms at both sides of the junction, i.e., distance between ad-

jacent Si and C atoms in the scattering region. Two different L

values (18.5 and 40.8 Å) are considered. In order to clarify the

effect of the intrinsic region length, the zero bias transmission
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Fig. 7 Zero bias transmission spectrum of armchair p-n junction for

two different intrinsic region length (L).

spectrum of the armchair p-n junction is shown in Fig. 7 for

both L values. For the short intrinsic region, i.e., L = 18.5 Å

(implying a quite strong impurity-impurity interaction), it is

observed that the transmission peaks originating from impu-

rity states appear around the Fermi level, which are the origin

of the NDR for Vbias < 0.6 V. For L = 18.5 Å, electrons at the

Fermi level easily penetrate the junction region via tunneling.

In addition to the NDR observed between 0 – 0.6 V, another

NDR with a much larger peak current value appears between

1–1.6 V for L = 18.5 Å. For the first (second) NDR, the peak

position of the current is found to be at 0.2 (1.4) V. In reversed

bias, due to the heavily doped electrodes and short intrinsic

region length, the current exhibits a negative rectification up

to -0.4 V.

However, extending the intrinsic region length to 40.8 Å

along the transport direction significantly reduces the trans-

mission around the Fermi level due to the weakening of the

interaction between the impurity atoms at the n- and p- sides

of the junction thereby leading to a much thicker tunnel bar-

rier for electrons (see Fig. 7). The p-n junction with a longer L

has a clear transport gap of 2 eV. The disappearance of small

transmission peaks within this transport gap with increasing

L certainly translates into a significant modulation in the I-V

characteristic. In Fig. 5(b), we also present the I-V curve for

the armchair p-n junction for L = 40.8 Å. It is evident that

the I-V characteristic resembles a diode like behavior as the

size of the intrinsic region is increased. While the p-n junc-

tion with a short L exhibits an NDR and negative rectification,

increasing the length of the intrinsic region weakens the NDR

and results in a very small current for Vbias < 1 V.

5 Conclusions

We investigated the electronic, vibrational, mechanical and

transport properties of 2D single layer BP and the effects of

p- and n-type doping in order to develop an understanding

for the optimum design of a potential monolayer p-n junction.

Our results indicate that due to its mechanical stability and

promising electronic properties, h-BP would be a promising

candidate for application in a p-n junction . From the above

analysis, we conclude that the device characteristics of p- and

n-type doped BP is suitable for a functional 2D p-n junction

at the nanoscale. Furthermore, electron transport through this

junction can be modified by altering the length of the intrinsic

region via modifying the electron tunneling between the n and

p regions. We also achieved distinct device characteristics, in-

cluding NDR and conventional rectifying diode behavior. Our

findings provide detailed insight in the realization of layered

BP based nano electronic devices.
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