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Abstract 

 

 Effect of Si doping on the stability, electronic structure, and electron transport properties 

of boron nitride (BN) monolayer has been investigated by density functional theory method. 

Unique features in the electron transport characteristics consisting of a significant enhancement 

of current at the Si site, diode-like asymmetric current-voltage response, and negative differential 

resistance are noted for the doped BN monolayer. These features are found to result from new 

“tunnel” channels induced by the substitutional Si atom near Fermi level in the band gap. The 

calculated position-projected tunneling currents providing scanning tunneling micrograph clearly 

discern the site-dependence of the Si atom and can be used to distinguish substitutional sites of 

atomic dopants in the monolayer.  

 

 

 

Keywords: Boron Nitride, Electronic Structure, Tunneling 
PACS : 81.07.-b, 62.23.Kn, 73.63.-b, 71.55.Eq 
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I. Introduction 

 

 Thin films of BN have been a subject of extensive studies over the past two decades     

[1-12]. Unlike a semi-metallic graphene, BN consisting of a few layers has a finite band gap 

[10], which allows it to be used as a dielectric material in electronic devices at nanoscale. In fact, 

several recent experiments have demonstrated the use of two-dimensional BN as a dielectric 

material in graphene, graphite, and Au electrode-based devices [7]. In recent years, the focus of 

theoretical and experimental studies is shifted towards determining the role of dopants in the BN 

monolayer [13-19].  For example, magnetism in a BN sheet induced by nonmagnetic impurities 

is predicted [14]. The spin-polarized density of states of dopants, such as such as Be, C, O, Al, 

and Si atoms clearly find them to be at least paramagnetic in BN [14].  A theoretical study 

investigated the C doped BN monolayer addressing the effects of many parameters like the 

choice of chemical potential and atom displacement cross sections for the substitutional process 

in the lattice [19].  Since Si plays a dominant role in electronics, its role in the BN nanostructures 

including thin films and nanotubes has been extensively investigated [15, 20-24]. The 

experimental studies characterizing Si-doped multi-walled boron nitride nanotubes (BNNTs) 

have shown the formation of Si−B and Si−N bonds in the lattice [20, 21]. Si doping has also 

induced spontaneous magnetization in the (5, 5) BNNT [20]. In Si-doped graphene, on the other 

hand, a new kind of chemical bonding induced by the participation of Si electrons is revealed 

despite its isovalency with C in the lattice [25].  

 Since Si has a different number of valence electrons than the constituent atoms of the BN 

monolayer, one can expect significant modification of electron transport properties of the 

semiconducting monolayer in somewhat similar way as doping of bulk Si by B or N atoms. This 

is what we propose to investigate in this paper using density functional theory within generalized 
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gradient approximation. Initially, we calculate stability and electronic structure of Si-doped 

monolayer. Later, we calculate its electron transport properties in a model setup where the 

monolayer is supported on the Au substrate. The computational details are given in Sec. 2. In 

Sec. 3, we discuss the results, and a brief summary is given in Sec. 4. 

II. Computational Method 

The spin-polarized electronic structure calculations were carried out in the framework of 

the density functional theory (DFT). The generalized gradient approximation (GGA) of Perdew, 

Burke and Ernzehof [26] was used to include the exchange and correlation functionals. The 

projector augmented wave (PAW) method as implemented in the Vienna ab-initio simulation 

package (VASP) code [27] was used for calculations.  

The supercell approach with periodic boundary conditions was applied to describe the 

pristine and Si-doped BN monolayers. For the pristine BN monolayer, a (1×1) supercell was 

used, while a (5×5) supercell was used for the Si-doped monolayer to ensure minimal interaction 

of Si with its neighboring images. A 10 Å vacuum was adopted along the direction perpendicular 

to the plane of the sheet. The structures were fully optimized using the energy/force relaxation 

approach. The cutoff energy for the plane wave basis was 500 eV. The convergence criterion of 

optimization was 0.03 eV/Å for the force on each ion and 10-5 eV for the total energy 

convergence. The Brillouin zone is sampled using a 5×5×1 Monkhorst-Pack grid for integration 

in the reciprocal space for the Si-doped monolayers. Note that the use of 9x9x1 grid for 

integration changed the value of total energy of Si-doped BN monolayer for 3-fold site only by 

0.1 eV.  
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The transverse electron transport properties of the pristine and Si-doped monolayers 

supported on the Au substrate were calculated using a model setup as used in the Scanning 

Tunneling Microscopy (STM). The spin-polarized electron tunneling current through the 

monolayer between the Au substrate and a metal tip was calculated based on the Bardeen, 

Tersoff, and Hamann (BTH) formalism [28-30]. The supercell in transport calculations is chosen 

in such a way that the lattice of BN is commensurate with that of Au (111) surface (see the top 

view of the lattice match in the Supplementary Information: Fig. S1). A (4×6) supercell 

consisting of 24 B and 24 N atoms is taken for the pristine BN monolayer. For Si-doped BN 

monolayer, the same dimensions along the x and y directions are kept with one or two host atoms 

being substituted by a Si atom. A four-layer slab with 18 atoms per layer is used to simulate the 

bare Au substrate. The distance between the BN monolayer and the Au substrate is taken to be 

3.0 Å as optimized in our earlier studies [31, 32].   

The cap configuration of the metal tip is modeled by a 13-atom Au icosahedral cluster. 

The density of states for the tip is broadened using a Gaussian broadening scheme with a width 

of 0.2 eV to account for the semi-infinite nature of the tip. The tip is considered to be separated 

from the in-plane BN monolayer by a vacuum barrier width of 5 Å, mimicking a non-bonded tip 

configuration for the STM measurements [29, 30]. Due to the off-plane distortion occurring for 

some of the Si-doped cases, the actual distance between the atom of the 2D monolayer and the 

tip may be slightly less than 5 Å. The work function of the BN monolayer, defined as the energy 

difference between the electrostatic potential at the vacuum-level and the Fermi energy of its 

surface, is calculated to be 4.8 eV (Supplementary Information: Fig. S2). The work function of 

the tip is taken to be 6.67 eV, the experimental value of the ionization potential of the Au13 

cluster [33].  
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III. Results and Discussion 

Equilibrium Structure and Stability 

Two kinds of substitution sites are considered for Si in the BN sheet: (i) Si atom 

substituting a single B (SiB) or N atom (SiN), where the Si atom has a 3-fold coordination with 

three neighboring B/N atoms; (ii) Si substituting for a divacancy site created by the removal of a 

B-N pair (SiBN). In this configuration the Si atom has a 4-fold coordination with neighboring 

atoms. In the equilibrium structure, the pristine BN monolayer is calculated to have a planar 

configuration with the bond length of 1.45 Å, in good agreement with the corresponding 

experimental value of 1.44 Å [6].  Our calculated value is also in agreement with the previously 

reported values of 1.459 Å obtained using vdW-DFT [31] and 1.45 Å obtained using GGA-DFT 

[16] calculations. 

In the equilibrium configurations for SiB and SiN, there is out-of-plane geometry around 

Si; the dopant protrudes 1.2 Å and 1.7 Å from the monolayer plane for SiB and SiN, respectively 

(see the side view- Fig. S3). The in-plane symmetry of the monolayer is broken and Si forms a 

tetrahedral structure with three neighboring atoms taking a sp
3-like hybridization. For the case of 

SiB, the dopant is connected to three nearest N atoms with equal Si-N bond length of ~1.71 Å. 

The next nearest neighbor distance is ~2.71 Å. On the other hand, SiN is connected to three 

nearest B atoms with equal Si-B bond length of ~1.96 Å. The next nearest neighbor distance for 

SiN is ~2.94 Å for SiN. The charge density contour maps (Fig. 1) for SiB and SiN show that the 

perturbation from the dopant is symmetrically superimposed on the atoms around it. Thus, Si 

takes a symmetric position and forms the equidistance bonds with the three nearest neighbors in 

the lattice. This is not the case with SiBN where the structure around the dopant site is completely 

different. In this case (Fig. 1(c)), a relatively large overlap of Si with two nearest N atoms is 
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seen. The 4-fold coordinated SiBN prefers an in-plane configuration in which Si takes a sp
2
d-like 

hybridization and forms four in-plane bonds with neighboring B and N atoms with greater 

overlap with N atoms than with the B atoms. The energies of the in-plane configurations are 2.73 

eV and 2.56 eV higher than energies for the ground state configurations for SiB and SiN, 

respectively.  The Si-N bond length (1.79 Å) for the 4-fold SiBN is slightly larger than that for the 

3-fold SiB (1.71 Å), whereas the Si-B bond length (2.12 Å) is significantly larger than that in the 

3-fold SiN (1.96 Å).   

Calculations of the formation energies [see supplementary sections for details, [13, 34]] 

suggest that the Si substitution at the N site in the monolayer will be an energetically demanding 

process, though the formation of SiB is always preferred over SiN and SiBN under either N-rich or 

B-rich conditions. Especially under the N-rich condition, the doping of Si at the B site (SiB) is 

thermodynamically quite favorable. A comparison of our results with the results on the C-doped 

BN monolayer [19] shows a similar variation in the formation energy of CB and CN. Note that 

doping of Si in BN nanotubes was theoretically investigated [22]. Subsequently, synthesis of Si-

doped BN nanotubes by thermal chemical vapor deposition, and catalyst-assisted pyrolysis of 

polymeric precursor have been reported [23, 24]. In addition, Si-doped BN thin films were 

synthesized by in-situ co-sputtering during ion beam assisted deposition [15]. Synthesis of Si-

doped BN monolayer is therefore expected to be feasible.   

Electronic Properties 

Fig. 2 shows the calculated band structures of pristine and Si-doped BN monolayers. The 

top of valence band is primarily composed of N-p states, while the bottom of the conduction 

band is mainly consisted of B-p states. A direct gap of 4.4 eV is calculated near the K-point for 
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the pristine BN. This agrees well with the previously reported theoretical values of 4.6 eV [31]. 

However, the calculated value is smaller by ~ 1.3 eV compared to the experimental value  for the 

bulk hexagonal (h)-BN [35].  

The spin resolved band structure of the Si doped monolayer retains most of the features 

of the pristine monolayer. Appearance of the so-called mid-gap states suggests that the change in 

the electronic structure induced by doping is likely to be localized in the vicinity of Si. This is 

confirmed by analysis of the density of states (DOS) revealing that the mid-gap state is primarily 

from the Si-s and Si-p states (Fig. S5) in agreement with the previously reported study [14].  

The mid-gap states for SiB located at 1.3 eV and 2.9 eV above the valence band 

maximum (VBM) for the spin-up and spin-down electrons, respectively. The gap state is a donor 

state, which splits from the conduction band and moves down in energy as the dopant relaxes 

from an in-plane configuration to an out-of-plane configuration (see Supplementary Information: 

Fig. S6). The α–orbital becomes occupied, while the β–orbital remains unoccupied, leading to 

spontaneously induced magnetization in the monolayer. The net magnetic moment per unit cell is 

calculated to be 1 µB. In this work, the spin density plot reveals that the spin is mainly distributed 

on Si (70%) with only a small part (30%) on the nearest N atoms (see Supplementary 

Information: Fig. S7). Our results are consistent with the results reported for the CB doped the 

BN monolayer [19], transition metal doped BN monolayer [17, 18] and Si-doped BNNT [20]. 

There exist four distinct states within the band gap for SiN which is nearly dispersion-less. 

Three of them are nearly degenerate and located about 0.4 eV above VBM for the spin-up case, 

while one of them splits from the rest lying 1.5 eV above VBM for the spin-down case (Fig. 2). 

Analysis of DOS (see Supplementary Information, Fig. S5) suggests that the occupied mid-gap 
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states to be composed of Si, N and B orbitals. On the other hand, Si and B orbitals form an 

unoccupied band located near the conduction band minimum (CBM). Our results on Si-doped 

BN sheet are different from the reported results on Si-doped BNNT where only two mid-gap 

states appear for SiN [20]. The difference can be attributed to the curvature effect which removes 

the 3-fold degeneracy of the Si dopant in the BN monolayer.  

Two gap states separated by about 0.4 eV are seen in the band gap (Fig. 2) for SiBN. The 

lower one is occupied while the upper one is not. The lower-energy gap state is a hybridization 

of Si-p, Si-d and B-p states, while the higher-energy gap state is primarily from Si-p (see 

Supplementary Information: Figs. S5 and S6). No spontaneous magnetization was found, and the 

energy of a triplet state (2 µB) is about 0.5 eV higher than the non-magnetic state for SiBN.  

Electron transport properties 

 The electron transport properties are intimately related to the electronic structure of a 

material.  Therefore, any modification of the electronic structure of the pristine BN monolayer is 

expected to significantly influence its electron transport properties. In the present study, we 

modeled conventional STM setup to calculate the tunneling current through the monolayer 

deposited on the Au (111) substrate (Fig. S8). The cap configuration of the STM tip is 

represented by the Au13 cluster. The calculated tunneling currents associated with pristine and 

doped BN monolayers are plotted in Fig. 3 over the range of -0.5 V to 0.5 V. We define the bias 

to be positive when the gold substrate and the BN monolayer are connected to a positive 

potential and electrons tunnel from the tip to the monolayer. It is to be noted that the tunneling 

current depends exponentially on the separation of the tip to sample. Therefore, the choice of tip-

sample separation will determine the magnitude of the tunneling current, but should not affect 
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the predicted trend described below, though it does [28-30]. For example, increase in the tip-

sample separation from 5 Å to 10 Å decreases the conductance by several orders of magnitude in 

our case (see Supplementary Information, Fig. S9). 

For the pristine monolayer, the threshold voltage is about 5 mV and the tunneling current 

over either B or N atom shows an approximately linear relationship with voltage. Also, the 

current through N is much higher (reaching ~ 0.1 µA at 0.5 V) than that through B (reaching 

~0.02 µA at 0.5 V). It is consistent with the fact that the N states dominate near Fermi for the 

pristine monolayer. Recent experiments [7] on atomically thin, defect-free h-BN layers 

sandwiched between two similar electrodes of graphene or gold have demonstrated tunneling 

behavior of the architecture with approximately linear I-V characteristics at low bias. 

The Si-doped monolayer exhibits remarkable electron transport properties.  To start, for 

Si-doped monolayers, the tunneling current over the dopant Si is higher than that over the 

constituent (B/N) host atoms. Second, the transverse tunnel current sampled at the Si atom at 

various substitutional sites of the BN monolayer, exhibits a highly asymmetric behavior with 

respect to the polarity of the external bias (Fig. 3). For SiB and SiN, the magnitude of tunneling 

current under the negative bias (with electrons tunneling from the monolayer to the tip) is higher 

than that under the positive bias (with electrons tunneling from the tip to the monolayer), while 

the case is the reverse for SiBN. It is interesting to point out that one can distinguish different 

substitutional sites by evaluating their images under positive and negative biases. For example, 

SiB will give the largest variation in its brightness switching from positive to negative bias (I- /I+ 

~ 7), while SiN (I- /I+ ~ 4) and SiBN (I- /I+ ~ 1/3) will have less variation in their positive and 

negative responses.  
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Since the tunneling current is an integration of the convolution of DOSs of the tip and the 

sample, it is apparent that a large tunneling current over the Si atom is due to the induced gap 

states owing to the dopant in the monolayer. These gap states are lined up near the Fermi level 

and are the major tunneling “channels” under an applied bias. Furthermore, since these gap states 

are distributed asymmetrically in the positive and negative energies around the Fermi level, the 

tunneling currents associated with the dopant Si are also shown to be asymmetric under positive 

and negative biases. Note that the interaction of the BN monolayer with the Au substrate allows 

the gap state to be broadened as compared to those without the substrate, Au. The Bader charge 

analysis reveals a transfer of about 0.1e, 0.3e, and 0.4e charge from the SiN, SiB and SiBN of BN 

monolayers to Au, respectively. Specifically, the transfer of charge from SiBN to Au shifts down 

the Fermi level, crossing the DOS peak originating from the Si states. This leads to a relatively 

higher tunneling current at SiBN compared to that at SiB and SiN. The induced Si-related mid-gap 

states, which are spin-polarized due to aliovalent nature of the dopant, lead to the spin-polarized 

tunneling currents for SiB and SiN. 

The distinct features of the mid-gap states in the doped monolayers also lead to the 

resonant tunneling phenomena, where the negative differential resistance (NDR) effect is 

predicted, and is reflected in the differential conductance (Fig. 4). The correspondence between 

the NDR peak and the mid-gap state thus provides a useful tool for tailoring the transport 

properties in semiconducting materials at nanoscale. We expect this feature of the transport 

property of the Si-doped BN monolayer to be useful in the low-power memory applications and 

logic circuit devices. 

The simulated STM images generated from the position-projected tunneling currents are 

shown in Fig. 5.  The location of the Si atoms is clearly visible in all cases, and each case is 
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discernible from the other. For the SiB configuration, the STM image height can be primarily 

attributed to the physical protrusion of the Si atom.  In this configuration, the 3-fold symmetry is 

subtly discernible, again attributable to the protrusion of the nearest neighbors. For the SiN 

configuration, the ~3 Å image height is approximately twice the out-of-plane distance of Si, 

indicating the change in the electronic structure is much more significant than that for the SiB 

case.  

IV. Conclusions 

 Ultrathin films of BN have emerged as a stable, high-purity, highly desirable nano-scale 

dielectric material. The present study explores and identifies the possibility of developing Si-

doped BN monolayers for electronic devices at nanoscale. The results indicate that Si 

substitution for B (forming Si-N bonds) is favored over Si substitution for N (forming Si-B 

bonds). The Si−N bond for SiB is rather strong with a bond length of 1.71 Å, close to the 

corresponding Si−N single bond length. The unpaired electron in the SiB and SiN substitutions 

induces a magnetic moment (~1 µB) in the system. The spin is primarily located on the 3p orbital 

of the Si atom. The 4-fold SiBN configuration, however, has no magnetism, and Si takes a sp
2
d 

type of hybridization in its in-plane monolayer configuration.    

 Si-induced gap states in the band energy of the BN monolayer have profound effect on 

the electronic structure and electron transport properties.  The transverse tunnel current through 

Si-doped monolayer has significantly higher magnitude than through pristine monolayer. The 

current-voltage curves sampled at the substitutional Si sites exhibit remarkable asymmetric 

response due to the polarity of the bias voltage.  The doped monolayer also exhibits a negative 

differential resistance behavior in its I-V characteristics, which is very prominent at SiN site. The 
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calculated position-projected tunneling currents providing scanning tunneling microscopic 

images clearly discern the site-dependence of the Si atom. New applications of Si-doped BN 

monolayers in nanoscale devices may be expected due to the spin-polarized electronic and 

magnetic properties they possess.  
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Figure 1: (color online). The charge density contours (1/8th (0.0003 e/Å3) of the maximum 

value) of Si doped BN monolayers: (a) SiB, (b) SiN, and (c) SiBN.  
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Figure 2: (color online) The calculated band structures of pristine BN and Si doped monolayers: 

(a) SiB, (b) SiBN, and (c) SiN. 'up' and 'dn' refer to the spin-up and spin-down components of the 

band structure. The dotted line represents Fermi energy (EF) of the system. 
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Figure 3: (color online) The current-voltage characteristics of (a) pristine (b) SiBN (c) SiB, and 

(d) SiN-doped BN monolayers.  
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Figure 4: (color online) The calculated differential conductance curve of the Si-doped 

monolayers deposited on the Au(111) substrate.  
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Figure 5: (color online) The STM images at constant current (1 nA, 100 mV) for Si doped 

monolayers: (a) SiB, (b) SiN, and (c) SiBN; and (d) a cutaway perspective image of the constant 

current surface for SiN. 
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