

  carbon-02-00002




carbon-02-00002







C 2016, 2(1), 2; doi:10.3390/c2010002




Article



Carbon-Doped Hexagonal Boron Nitride: Analysis as π-Conjugate Molecules Embedded in Two Dimensional Insulator



Wei Xie, Takashi Yanase *, Taro Nagahama and Toshihiro Shimada *





Division of Applied Chemistry, Faculty of Engineering, Hokkaido University, Kita 13 Nishi 8 Kita-ku, Sapporo 060-8628, Japan; CREST, Japan Science and Technology Agency (JST), Tokyo, Japan









*



Correspondence:







Academic Editor: Jong-Sung Yu



Received: 1 January 2016 / Accepted: 25 January 2016 / Published: 29 January 2016



Abstract

:

We analyzed the electronic structures of carbon-doped hexagonal boron nitride, focusing on the comparison with the corresponding π-conjugate hydrocarbon molecules and odd-number substitution by first principle calculation. The band gaps are about the half that of the HOMO-LUMO gaps of corresponding hydrocarbons, except for the cis-butadiene structure in which aromatic hexagonal ring formation is important. Odd number doping makes metallic materials with very different work functions, depending upon the difference in B and N numbers, and has an expected application as electrodes for flexible devices.
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1. Introduction


Two-dimensional carbon-based networks, such as grapheme [1] and g-C3N4 [2,3,4], are gathering much attention due to high mobility carrier dynamics [5], sensitivity to molecular adsorbates [6], and photocatalytic activities [2,3,4], etc. Graphene and monolayer hexagonal boron nitride (h-BN) [7,8] are two end members of carbon-based two-dimensional systems. They have similar structures with distinctly different electronic structures; graphene has zero-gap and h-BN is a wide gap semiconductor. It is, therefore, expected that the mixture of the graphene and monolayer h-BN will become semiconductors with band gap values tunable by compositions. Synthetic attempts by chemical vapor deposition using well-defined synthesized molecules have started [9] and surface scientific techniques, such as scanning tunneling microscopy/spectroscopy, are revealing the relationship between the structure and the electronic properties [10,11]. Theoretical approaches have also been made from the association with graphene nanoribbons and two dimensional quantum dots [12,13,14,15,16,17,18,19,20,21,22,23,24,25]. The results of the previous studies can be summarized as follows: (1) C-C bonds are more stable than C-N or C-B bonds, and carbon atoms tend to segregate. (2) The effect of carbon doping in h-BN extends to three atoms distance [12,13,14,15,16,17,18,19]. In other words, the electronic structure of the doped carbon domains will be isolated in terms of electronic conduction if the mutual distance is beyond this range. It is an intriguing difference from organic semiconductors as discussed in this paper [12,16,17,19,20,21]. (3) The band gap values, and even the work function, are tunable by changing the composition [22]. (4) Some structures show magnetism (ferromagnetic or antiferromagnetic coupling within or beyond the domains) [16,19,23,24]. These features are exciting enough to proceed with more detailed studies. The missing points in the previous studies are as follows. (i) Although the C-doped structures have resemblance with π-conjugated molecules, the difference between the C-doped h-BN and molecules in the vacuum have not been analyzed. (ii) The previous studies were mainly on substituting the same numbers of B and N atoms to carbon atoms. Unevenly substituted structures have not been studied in detail.



In this paper, we present a detailed analysis of the C-doped h-BN from the viewpoint that has not been treated previously. We focus on the resemblance and difference of carbon doped h-BN monolayers and corresponding organic π-electron systems by first principle calculation. Additionally, electronic properties of unevenly-doped structures are studied in detail. Based on the results, we will propose that the carbon-doped h-BN can be band gap-tunable semiconductors in the case of even-number doping, and that work function-tunable metallic electrode in the case of odd-number doping.




2. Materials and Methods


All the simulations in this work were carried out on the Quantum-Espresso programs [25] with the version of 5.1 which is based on density-functional theory (DFT), plane wave, and pseudopotentials. DFT was carried out with the exchange-correlation energy treated by the Perdew-Burke-Ernzerhof (PBE) functional based on the generalized gradient approximation (GGA) [26]. Ultrasoft pseudopotentials [27] were used to describe the ionic cores, and the electron wave function was expanded in plane waves with the cut-off energy of 50 Ry for the geometry optimization and properties calculations. The mono-layered hybrid structures of CxByNz were modeled by a 4 × 4 h-BN supercell with 32 atoms. More than 10 Å vacuum space as periodic boundary conditions avoids interactions between the layers in two neighboring cells. The atom positions were optimized until the forces on each ions converged in 0.0001 atomic units (a.u.) and the energy was converged in 0.00001 a.u. Brillouin zone integration was calculated as a sum over special k points of 9 × 9 × 1 using the Monkhost–Pack scheme [28] for geometry optimization and total energy calculations. Work functions were calculated from the slab average of the potential and the Fermi energy as described in [29].



Electronic structures of carbon moiety (isolated molecules) were calculated by Gaussian 09W using DFT with PBE functional and 6-311G+ basis sets. Their structures were optimized by removing B and N atoms in the above structures and terminating the dangling bonds by hydrogen atoms.




3. Results and Discussion


3.1. Consistency with Previous Results


First, the structures of graphene and mono-layered hexagonal BN (h-BN) were optimized to check the correctness of the calculation. The calculated C-C bonding length in graphene is 1.419 Å, which is consistent to the reported result of 1.420 Å [30]. The calculated B-N bonding length with the value of 1.448 Å also shows the high consistency to reported results of 1.45 Å [15]. The cohesive energies of graphene and mono-layered h-BN are 8.98 eV and 8.56 eV, respectively. These large values are consistent with the previous report [31] and proved the high stability of graphene and h-BN. The calculated band gap of mono-layer h-BN is 4.17 eV, which is in agreement to earlier reports [31]. In addition, the band structure of graphene also agrees well with the published results [32] with a contact point at Fermi level which is located at high symmetry K-point.



We also examined the energy difference between the structures shown in Figure 1 with the same number (two) of carbon atoms. The relative total energy of each structure is written in Figure 1. The structure with the minimum number of C-B and C-N bonds gives the lowest energy. This is also consistent with the previous reports [12,13,14,15,16,17,18,19,20,21,22,23,24,33].
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Figure 1. Relative energies of the h-B16N16 doped with two carbon atoms. (a) lowest energy configuraton; (b) two atoms separation; (c) four atoms separation. 






Figure 1. Relative energies of the h-B16N16 doped with two carbon atoms. (a) lowest energy configuraton; (b) two atoms separation; (c) four atoms separation.



[image: Carbon 02 00002 g001]






3.2. “Molecular-Doped” h-BN


Figure 2 shows the optimized structure of carbon doped h-BN with various carbon content and topologies calculated in the present research. Each structure is named after corresponding π- conjugate molecules. Some of them with large carbon content are directly connected with the carbons in the next cell.
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Figure 2. Structure of the carbon-doped h-BNs analyzed in this work. They are named after corresponding organic molecules. 
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Figure 3 shows the C-C bond length of these structures as a function of carbon content. Carbon content is shown as the number in an extended unit cell of (BN)16 and, so, the maximum number is 32. The C-C bond is shortened to 1.357 Å in “ethylene”, but increases in “butadiene” (1.382 A) and reaches a saturated value of ~1.42 Å, which coincides with that of graphite, beyond the carbon content 6/32.
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Figure 3. Average C-C bond length of carbon content. 
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Figure 4 shows the band gap values of C-doped h-BN as a function of carbon content. The band gap values show significant decrease as the carbon content increase from the 3.23 eV of “benzene” to the 0.983 eV of “BN-Naphthalene”, which is a smaller value of band gap than bulk silicon (1.17 eV). This result indicates a theoretical possibility of replacing silicon in some applications in which band gap values are important. Furthermore, these carbon-doped h-BN structures have a direct band gap at the Г point, which would be an advantage for optical applications when compared with the bulk silicon.
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Figure 4. Band gap values as a function of carbon content in B16N16. The results of previous works [12,13,14,15,16,17,18,19,20,21,22,23,24] are added. 
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The difference of the band gap values with the same carbon content is due to the different topologies or isomers, which is well known in organic semiconductor molecules. Additionally, direct interconnection beyond the periodic supercell lowers the band gap. Here, we examined the effect of the surrounding BN lattice in this materials system by comparing the Cx(BN)y system with corresponding CxHz molecules. Figure 5 shows the ratio between the band gap of Cx(BN)y and HOMO-LUMO gap of corresponding CxHz molecules. Most of the ratio ranges 0.46–0.52 for the structures below C < 16, in which the carbon islands are not connected beyond the periodic cell. It is surprisingly constant despite the distance between the carbon islands not being uniform. The exception is butadiene (carbon content = 4/32), which shows the ratio of 0.68.
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Figure 5. Ratio between bandgap of carbon doped h-BN and HOMO-LUMO gap of corresponding hydrocarbon molecules. Note that the “Carbon Content” axis shows half of that in Figure 4. 
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The reason for the discrepancy of butadiene is explained by Figure 6. We compare the HOMO (Figure 6a–c) and LUMO (Figure 6d–f) of C4H6, C4B10N10H12 (butadiene embedded coronene-like BN) and C4BNH6. The carbon atoms in C4B10N10H12 is located at the left part of the central hexagonal ring. The center hexagonal ring of (b) and (e) resembles (c) and (f), respectively, which shows the electronic structure of C-B-N can be well represented by the C4BNH6 molecule. By comparing the cis-butadiene and the C4BNH6 molecule, we notice that the HOMO and LUMO wavefunctions of C4BNH6 are composed of conjugate pz-orbitals (p-orbitals perpendicular to the molecular plane) of B, N, and C. The different electronegativity of B and N makes the HOMO higher and LUMO lower, and results in the HOMO-LUMO gap greater than that is expected from other geometries.
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Figure 6. LUMO (a-c) and HOMO (d-f) of butadiene, C4B10N10H12, and C4BNH6. 
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3.3. Odd Number C-Doping—“Phenalenyl-Embedded” in BN


Finally we analyze the odd number C-doping. In this case, it is inevitable to replace B and N atoms unevenly. We focus on a motif of the recently-synthesized stable radical molecule “phenalenyl” [33,34,35,36,37]. There are two choices: C-atoms replace more B (“N-rich phenalenyl”) or C-atoms replace more N (“B-rich phenalenyl”). Their band structures are plotted in Figure 7. It should be noted that these structures are metallic due to the odd number of π-electrons. The band dispersion of HOMO and LUMO levels are substantially large, around 1 eV for both. This means that this structure can be used as metallic electrodes for flexible electronics. In “N-rich phenalenyl”, LUMO (conduction band) crossed the Fermi level while in “B-rich phenalenyl”, HOMO (valence band) crossed the Fermi level. In other words, “N-rich phenalenyl” and “B-rich phenalenyl” are n-type and p-type, respectively. The work function of N-rich and B-rich phenalenyl were 3.01 eV and 4.88 eV, respectively.



These unique band structures can be understood as follows. In pristine h-BN, empty pz-orbitals of B atoms make conduction band (LUMO) while filled pz-orbitals of N atoms make valence bands. A carbon atom has one electron more than a B atom and one electron less than a N atom. When one more B atom is replaced by a C atom in “N-rich phenalenyl”, one electron will be left in the conduction band to make an “n-type” band structure. The opposite reasoning is applied for “B-rich phenalenyl”, in which one more N atom is replaced by a C atom, to make “p-type” band structure. These features are totally different from graphene, in which the band gap between HOMO and LUMO diminishes to zero at the K-point due to the symmetry of the π-electron network.



The atomic orbital expansions of the HOMO and LUMO bands were analyzed and shown in Figure 8. The upper panel of Figure 8 shows the (a) HOMO and (b) LUMO of “N-rich phenalenyl”. The LUMO band, which crosses the Fermi level, was almost localized at C and N atoms, except for the C-N bonds. The LUMO figure indicated that the effect from free electrons supplied by C atoms was dispersed into the carbon and nitrogen atoms. The HOMO band of “N-rich phenalenyl” was localized among the whole pz-orbitals of C atoms and contributions from surrounding B and N are small.
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Figure 7. The band structures of “phenalenyl” doped h-BN. (a) “N-rich phenalenyl”, seven boron atoms and six nitrogen atoms were replaced by carbon atoms. (b) “B-rich phenalenyl”, six boron atoms and seven nitrogen atoms were replaced by carbon atoms. Energy zero are Fermi energies; (c) shows the structure of “phenalenyl” (C13H9). 
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The lower panel of Figure 8 shows the (c) HOMO and (d) LUMO of “B-rich phenalenyl”. Unlike the “N-rich phenalenyl”, the HOMO band of “B-rich phenalenyl”, which crossed the Fermi level, almost come from the π-bonds between the outermost C and surrounding B atoms. B atoms in pristine h-BN usually bonded with the nearest three N atoms with σ-bonds and without π-bonds. When an N atom is replaced by a C atom, because the energy of pz-orbital of the C atom is lower than that of the N atom, one electron from C will become delocalized among the outermost C and surrounding B atoms. Indeed C–B bond length is the longest in this geometry among those examined in this study. On the other hand, LUMO is localized among C atoms.
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Figure 8. (a) HOMO and (b) LUMO of “N-rich phenalenyl”, and (c) HOMO and (d) LUMO of “B-rich phenalenyl”. 
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The electronic structures of these “Phenalenyl” embedded h-BN structures were analyzed further by using the total DOS as shown in Figure 9. A DOS peak crossed the Fermi level. HOMO and LUMO were mainly contributed by the pz-orbital of carbon as discussed above.
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Figure 9. The DOS of the “B-rich Phenalenyl” (black curve) and “N-rich phenalenyl” (red curve). 
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4. Conclusions


Electronic structures of carbon-doped h-BN have been calculated. The focus points of this paper are the comparison between the corresponding π-conjugate hydrocarbon molecules and odd-number substitutions. The band gap values are about half that of the HOMO-LUMO gap of corresponding hydrocarbons, except for the butadiene structure, in which aromatic hexagonal ring formation is important. This result indicates that the analogy with organic molecules is effective to design the electronic functions of carbon-doped h-BN. Odd number doping makes metallic materials with very different band gap values. Those materials will find applications as electrodes for flexible devices, if the B-N ratio is controlled in the synthesis [38,39,40].
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