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Abstract

We perform ab-initio density functional theory calculations to investigate the energetics, electronic and
magnetic properties of isolated stoichiometric and non-stoichiometric substitutional Si complexes in a
hexagonal boron-nitride monolayer. The Si impurity atoms substituting the boron atom sites Sig giving
non-stoichiometric complexes are found to be the most energetically favourable, and are half-metallic and
order ferromagnetically in the neutral charge state. We find that the magnetic moments and magnetization
energies increase monotonically when Si defects form a cluster. Partial density of states and standard Mul-
liken population analysis indicate that the half-metallic character and magnetic moments mainly arise from
the Si 3p impurity states. The stoichiometric Si complexes are energetically unfavorable and non-magnetic.
When charging the energetically favourable non-stoichiometric Si complexes, we find that the formation
energies strongly depend on the impurity charge states and Fermi level position. We also find that the mag-
netic moments and orderings are tunable by charge state modulation ¢ = -2, -1, 0, +1, +2. The induced
half-metallic character is lost (retained) when charging isolated (clustered) Si defect(s). This underlines the

potential of a Si doped hexagonal boron-nitride monolayer for novel spin-based applications.



INTRODUCTION

After its experimental synthesis in 2004 [1], single layer hexagonal boron nitride (4-BN) con-
tinues to gain research attention because of its peculiar physical and chemical properties [2-5]
similar to graphene [6—10]. The measured extreme hardness, high melting point, high thermal
conductivity and large exciton binding energies [1, 11, 12] make 42-BN monolayer a possible ma-
terial for potential use in high-performance solid state electronic devices. Despite its isostructural
arrangement, 7-BN monolayer is an insulator with a band gap of about 5 eV [1, 11, 12] whereas
graphene is semi-metallic in nature [8].

Recent characterizations of non-metal doped 4-BN monolayer revealed interesting features
such as magnetism and half-metallic character. [13-21] These special features make the non-
metal doped A-BN system a potential candidate for spin-based device exploitation (which utilizes
the electronic spin states for data storage and processing). The search for suitable Half-Metallic-
Ferromagnet (HMFM) materials started in 1983 after the De Groot ef al. [22] discovery. Most
of the promising HMFM systems are those made by doping magnetic transition metals in group
III-VI and II-V semiconductors. [23-25] However, the relatively low Curie temperature [25], that
can be below the room temperature for these systems, is a limiting feature for their applications
in spin-based electronic devices. Layered systems as peculiar materials have an estimated Curie
temperature far higher than room temperature. [21] Moreover, the realization of the induced mag-
netism in these non-magnetic materials when exposed to non-metals ignited huge research atten-
tion. [13-21] A lot of interest is on the understanding of the origin of magnetism, and its impact
on the known physical properties of layered systems.

The energetics, electronic and magnetic properties of boron or nitrogen vacancy (v or vy),
boron (B), nitrogen (N) and carbon (C) defects in ~-BN monolayer were extensively studied. [15,
16, 20, 26-34] Si et al. [16] reported that v is more energetically preferable than vy vacancy. They
also found that both vacancies induce spontaneous magnetization, with vz possessing half-metallic
character. Other study by Huang et al. [35], examined the effects of various charge states on the
vacancies in A~-BN monolayer. It was found that the structural properties around the vacancy defect
are sensitive to charge states due to the effects of dangling bonds. Carbon atoms are some of the
unintentional defects that spontaneously occur during the growth of a 2-BN monolayer. [5, 36, 37]
There is no observed significant structural distortion in the C doped ~-BN monolayer due to small

lattice mismatch of about 2%. [5] The intentional creation of C doped #-BN monolayer using in



situ electron-beam irradiation revealed that only the B sites are occupied. [19] The carbon impurity
atoms do not only alter the known electronic properties of the pristine host but also provide a
new interesting character. [19, 38—41] It was reported that the C impurity spontaneously induces
magnetization and half-metallic character. [19-21, 38—41] Ukpong et al. [21] have shown via DFT
calculations that the induced magnetic moments are easily affected by the size of the embedded
C impurity cluster and edge termination. Berseneva et al. [20] reported that the C substitution
processes are controlled by the energetics of the atomic configurations, more especially when the
system is charged. They also reported that charge variation is able to switch on and off the induced
magnetism of the C clusters.

Silicon (Si) which belongs to the carbon group has recently been incorporated in 4#-BN mono-
layer. [15, 42—47] Using DFT methods, Liu et al. [47] revealed that the Si impurity prefers the B
site, but as opposed to C, it severely deforms the 4-BN structure preserving the sp-like bonding.
It can also enhance the chemical reactivity of ~-BN monolayer. He et al. [43] showed, via Hall
effect and temperature-dependent resistivity measurements, n-type conduction with a low resistiv-
ity at room temperature and two shallow donor levels at high temperature of about 800 K when
the Si occupies the B site. On the other hand, Majety et al. [45] reported a deep donor level of
about 1.20 eV using the same technique and concluded that Si-doped A-BN is not suitable for
room temperature device applications. Inspired by the experimental realization of Si-doped A-BN
monolayers, [44, 45] a systematic study of the physical properties of various possible Si atomic
configurations will be interesting. Also, the knowledge of the dependence of physical properties
for a Si-doped A-BN monolayer on the defect charge states is still scarce.

In this paper, we report the energetics, electronic and magnetic behavior of the various charged
substitutional Si impurity complexes in #-BN layer. In this study, the Si impurity complexes are
created as follows; firstly, one B as a host atom is removed from the 4-BN monolayer and is
replaced by a Si atom (Si impurity occupying B site Sig). Secondly, one N atom as a host atom
is removed from the monolayer and is replaced by a Si atom (Si impurity occupying N site Siy).
Furthermore, several unique complexes consisting of two or three substitutional Si impurities are
explored. The origin of Si impurity induced half-metallic character is investigated based on partial
density of states and standard Mulliken population analysis. We established that the Si impurity

induced ordered magnetic moments are tunable by impurity charge states modulation.



COMPUTATIONAL DETAILS

All the ground state properties of Si impurity substitutional complexes in 4-BN are calculated
using the DFT method implemented within the Vienna ab-initio simulation package (VASP). [48—
51] In order to treat the exchange-correlation energy interactions, the generalized gradient approx-
imation based on Perdew-Burke-Ernzerhof parametrization (GGA-PBE)[52] was employed. The
projector augmented wave (PAW) method [53] was used in the generation of pseudopotentials that
take care of valence-core electronic interactions.

We used a kinetic energy cutoff of 500 eV for the expansion of one-electron Kohn-Sham wave
functions on the plane-wave basis. A 4 X 4 X 1 mesh of k-points generated using Monkhorst Pack
scheme [54] was used for sampling the Brillouin zone. All the atomic geometries were allowed
to relax freely based on the Hellman-Feymann theorem until the maximum allowed force on each
atom is less than 0.002 eV/A. The total energy was allowed to converge to within 107 eV. The
electronic states were populated using the Methfessel-Paxton scheme [55] in the self-consistent
field calculations, with a smearing width of 0.3 eV. A converged vacuum spacing of 15 A between
two adjacent 4-BN monolayers is used for the prevention of spurious interlayer interaction within
the periodic supercell simulation scheme. Since we were interested in an isolated layer, van der

Waals correlations were not included.

RESULTS AND DISCUSSION
Formation energies of Si substitutional complexes

Figure 1(a) shows the ball and stick models for different unrelaxed Si substitutional complexes
considered in this study. In 2-BN monolayer, each hexagon ring consists of three B atoms located
at the odd sites and three N atoms at the even sites as indicated on Fig 1(a). Each circle on Fig 1(a)
depicts a unique stoichiometric or non-stoichiometric complex examined on a 72 atom supercell

of h-BN.

The non-stoichiometric Sig; complex is obtained when a single Si impurity atom substitutes
the B atom at site 1, whereas the Siy, complex is obtained when Si atom substitutes the nitrogen
at atomic site 2. Taking the possibility of two Si impurity atoms into account, four unique Si

complexes are identified and presented in Fig. 1(a). The stoichiometric complex Sig;y, is obtained
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FIG. 1. (Colour online) (a) Identified Si substitutional impurity defect complexes in #-BN monolayer. The
purple, red and yellow spheres represent boron, nitrogen and silicon atoms respectively. In #-BN above,
each hexagon ring consists of three B atoms located on the odd sites and three N atoms always on the even
sites. (b) The calculated formation energies of all Si impurity complexes presented in Fig. 1(a) in the neutral

state.

when two Si impurity atoms each substitutes B and N at nearest neighbour lattice sites 1 and 2
respectively, whereas Sig;y4 1s found when Si atom is at site 1 and site 4 (i.e substituting B and
N respectively). Similarly, the non-stoichiometric complexes are obtained when two B atoms at
lattice sites 1 and 3 (Sig;p3) or two N atoms at lattice sites 2 and 4 (Siy,n4) are substituted by Si
impurity atoms. On the other hand, when three Si impurity atoms substitute three B or N atoms,
the non-stoichiometric complexes Sig;p3ps Or Siyanane are studied.

Supercell sizes of 3x3, 4x4, 5X5, 6x6 and 7x7 corresponding to 18, 32, 50, 72 and 98 atoms are
employed for convergence test considering Sig; and Siy, complexes. The total energy difference
AE between the pristine and defected #-BN system was calculated for each supercell size. For
the Sig; complex, AE is -4.72 eV, -4.38 eV, -4.27 eV, -4.23 eV and -4.28 eV, while for the Siy,
AE is -10.80 eV, -10.55 eV, -10.38 eV, -10.36 eV and -10.34 eV for different supercell sizes 3x3,
4x4, 5X5, 6x6 and 7x7. For both complexes, the change in AE shows convergence for the 5x5
supercell. Since this study involves the incorporation of 1-3 Si impurity atoms, the 6x6 supercell
is employed in all of our calculations.

Firstly, we use the nudged elastic band method [56-58] implemented in VASP to evaluate the



energy barrier for Si impurity atom either occupying the B site (Sip;) or occupying the N site
(Siyp). For initial configuration of (Sip;), we create the B vacancy and place the Si impurity
3 A above the vacancy as the start of the doping process. For the final configuration, the coor-
dinates of the relaxed Sig; configuration presented in figure 4 are used. The same approach was
followed for the calculation of Siy, barrier. The energy barrier was obtained by optimizing five im-
ages between the initial configuration and the final configuration along the reaction coordinate. We
carried out the full structure optimization for the transition states and only searched for the highest
saddle point. For Sig; and Siy, defects, we obtained the energy barriers of 0.34 eV and 1.09 eV
respectively. Majety et al. [45] experimentally reported the two activation energies of 15 meV in
50-300 K and 60 meV in 300-800 K for Sip in the A~-BN monolayer. Yin et al. [59] reported the
activation energy of 0.4 eV for Sip in the cubic BN monolayer at the temperature of 470 K. The
relatively high energy barrier for Siy, defect is not suprising because previous study reported that
Si impurity prefers occupying the B site as compared to the N site. [47] The formation energies of
these defects are discussed in the next paragraph.

To examine the formation possibility of the above-mentioned Si impurity substitutional com-
plexes in the neutral charge state (¢ = 0), their formation energies are calculated using the follow-

ing equation;

Ef[S i]o =E[Si: h-BN]O — Eipi[n-BN] + nju; — ngius;, (D)

where E,,[Si : --BN]° and E,,,[h-BN] terms are the total energies of the relaxed 4-BN supercell
with and without Si atoms (pristine), respectively. n; indicates the total number of B or N replaced,
and ng; is the number of Si impurities in the A-BN supercell. w; and ug; are the corresponding
atomic chemical potentials for B or N and Si respectively. The N and B chemical potentials are
taken from nitrogen gas (N,) and a-rhombohedral boron, respectively and Si is from the diamond
structure. The chemical potential represents the Gibbs free energy which isolated atoms exchange
with the heat reservoir.

The dependence of formation energies of the considered Si impurity complexes on the changes
in the atomic chemical potentials (Au) are examined in Fig 1(b). The enthalpy of formation
AH¢[h-BN] of the pristine /-BN monolayer calculated using AH¢[h-BN] = p,_gy — g — py 18
-2.64 eV (-2.58 eV [60], -2.60 £0.02 eV[61]). The calculation is based on the thermodynamic
equilibrium condition that u, gy = up + uy, such that the chemical potentials yp and uy can be

subjected to the upper bounds under extreme condition. [62] The obtained value is used to restrict
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the Ay, i.e. -2.64 eV < Au < 2.64 eV so that the variation in calculated formation energy should
be confined within this interval. These energy limits -2.64 eV and 2.64 eV are considered to be
N-rich and B-rich conditions respectively. This will indicate the growth condition in which these
systems will prefer to form.

Fig 1(b) shows that the non-stoichiometric Sig; (-0.29 eV), Sigip; (-0.29 eV) and Sig3ps (-
0.54 eV) complexes prefer to form in the N-rich condition, whereas the Siy; (4.19 €V), Siyong (5.45eV)
and Siyonane (7.42 €V) complexes prefer the B-rich condition in the neutral charge state. This im-
plies that an enhanced Si defect stability is obtained in the environment that corresponds to the
high amount of atomic species surrounding the defect in the 2-BN. Berseneva et al. [20] reported
that the substitution of B with C impurity costs less energy than the substitution of N atom under
N-rich conditions. This is in agreement with Murata et al.[44] who deposited Si atom in cubic-
BN under high pressure high temperature conditions, and using X-ray diffraction found that Si
spontaneously occupies B site and get surrounded by four nitrogen atoms. We also see that the
formation energies of Sig;, Sipp; and Sigp3ps are approximately O eV in the N-rich condition,
but diverges significantly when approaching the B-rich conditions. Moreover, although the Sig,
complex prefers the N-rich condition, we also notice that it presents the lowest formation energy
of 2.36 eV in the B-rich condition in the neutral charge state shown in Fig 1(b). This implies that
the Sip; complex may still form under B-rich conditions. Our results also show that the formation
of Si-N bond (exothermic) in #-BN monolayer requires less energy penalty than the formation of
Si-B bond (endothermic).

Fig 1(b) also shows that the formation energies of stoichiometric complexes Sig;y, and Sigiy4
are not sensitive to growth conditions. Ukpong et al. [21] observed similar behaviour in the studies
of stoichiometric C complexes in 2-BN monolayer. These stoichiometric complexes represent co-
doping, because they involve the incorporation of donor (Sip) together with acceptor (Siy) in 2-BN
monolayer. This compensation results in increasing the formation energy of Siz and lowering that
of Siy, leading to formation energies of these complexes remaining constant w.r.t. the change
in chemical potential. Although the Sig;y, and Sig;y4 complexes have the same Si concentration,
their formation energies are unequal. The Sigy4 complex is 4.63 eV lower in the formation energy
than Sigy; in the neutral charge state. This implies that during the formation of Sig;y, complex,
high energy will be needed to first break the B-N bonds and spontaneously form Si-Si bond (sp*
bond) in the sp? bonded system.

We further examine the effect of different charge states g (-2, -1, 0, +1, +2) on the stability of the



most energetically favourable complexes, i.e Sig;, Sig;p; and Sig p3ps. It must be pointed out that
in the creation of Sig; complex, one extra electron is added into the system and the possible charge
states should be -1, 0, and +1. For the larger defect complexes such as Sig;p; and Sip;p3ps, the
high charge states might be possible. The supercell formation energy E([S]? of a Si substitutional
impurity in 2-BN in the charge state ¢ is calculated by extending Eq.(1) to include the information

of g as follows,

Ef[Si]? = Eiu[Si: h-BN]? — E[n-BN] + nip; — nsiptsi + que — E,), 2)

where (i, is the electronic chemical potential measured with respect to energy position of the
valence band maximum E, [63]. Our calculated formation energies are constrained to vary with
respect to the position of the Fermi level (electronic potential y,.) ranging from 0 eV to 5.10 eV
(experimental band gap [1, 11, 12]). To eliminate the effect of spurious electrostatic interactions
of the charged Si defect with its periodic images, supercell corrections for two (2D) dimensional
systems were added to the supercell formation energies. [64, 65] We tested the corrections for
various supercell sizes and the results for the +1 charge state are shown in Fig 2. They show that
the corrected values for each supercell are almost the same. Based on this, we are confident in our

choice of a 6 x 6 supercell with a 15A vacuum spacing for our calculations.
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FIG. 2. (Colour online) The formation energies of Sip; in the +1 charge state as a function of inverse layer
separation for different supercell sizes. Two scalings were used; (1) all supercell dimensions were uniformly

scaled and (2) the planar dimensions were set to 5 X 5 and the layer separation (Lz) was scaled.



We further calculated the transition energy levels & (q/q’) of the Si substitutional complexes
using the following expression [62];

Ef[Si]? - E/[Si]Y
e(alq) = 21 l]q,_ qf[ L 3)

where E;[Si]? and E;[Si]? represent formation energies of the Si substitutional complex in the

charge states g and ¢’ respectively.

The corrected formation energies of charged Sip;, Sig;p; and Sip;p3ps as a function of the Fermi
level position u, are presented in Fig 3, and their possible thermodynamic transition levels are
summarized in Table I. Our formation energies and thermodynamic transition levels results are
calculated under the N-rich growth condition. Fig 3 depicts that the formation energies of Sig;,
Sipip; and Sipp3ps in the neutral charge states are constant regardless of the variation in Fermi
energy. Fig 3 also shows that as u, increases, the positively charged Si substitutional complexes
show an increase in formation energy in the lower half of the band gap, while the negatively
charged complexes show decrement in the upper half. This suggests that positively and negatively
charged substitutional Si impurity complexes are experimentally likely to form at the valence and

conduction band edges 1
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FIG. 3. (Colour online)(a) The formation energies of the most stable configurations of Si doped /#-BN as
a function of the Fermi level within the 4-BN band gap, for different charge states (-2, -1, 0, +1 and +2).
Only the line segments that correspond to the lowest energy charge states are shown. Geometric shapes in

the curves indicate the transitions between the two charge states.

Fig 3 and Table I show that the introduction of negative and positive charge into the Si com-

plexes induces respectively, acceptor or donor thermodynamic transition levels within the band
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gap of A-BN. This is an indication that the charge state of a Si impurity is likely to affect properties
of Si doped #-BN monolayer. The transition levels are always referenced to the band edges of pris-
tine 4-BN monolayer as follows; donor level is measured relative to the VBM (E,) and acceptor
level is referenced to CBM (E,). In experiments, transition levels are usually determined in deep
level transient spectroscopy (DLTS),[66] which forms a cornerstone for the practical identification

of defects in a semiconductor.

TABLE I. Thermodynamic transition energies (in eV) of various complexes of Si doped 4-BN. Energies are

measured relative to the VBM (E,) or CBM (E,).

(+2/0) (+1/0) (0/-1) (-1/-2)

Sipy e E,+153 E.-0098
Si3133 Ev+ 1.15 Ec—086 Ec
Si313335 Ev+ 1.23 EC— 1.03 EC—O711

Fig 3 depicts the presence of two transition levels; (+1/0) donor and (0/-1) acceptor levels
associated with the Siz; complex, and these levels appear to be localized deep into the band gap
at E, + 1.53 eV and E, — 0.98 eV respectively (see Table I). Previous studies [20, 67] have shown
that the formation energies obtained using the semilocal PBE and hybrid HSE [68, 69] functionals
agree very well if the electron chemical potential is re-scaled using the ratio of the band gaps
obtained using the PBE and HSE approximations. The GGA-PBE functional underestimates the
HSE band gap by 0.66 eV. Thus we estimate that our calculated GGA-PBE transition levels will
be 0.66 eV lower than the HSE levels. For instance, the (+1/0) donor and (0/-1) acceptor levels
for Sip; complex obtained using HSE would be E, +2.19 eV and E. —0.32 eV respectively. Using
GGA-PBE, Berseneva er al.[20] studied the transition levels of Cg and observed (+1/0) donor and
(0/-3) acceptor levels at about E, + 2.70 eV and E. — 0.20 eV respectively. Although our DFT
transition level values might not agree well with the experimental values owing to its weaknesses
in predicting the band gaps, [70] we suggest that there might be two observable peaks due to (+1/0)
and (0/-1) associated with Sig; on the DLTS spectrum. Also, our results imply that the DLTS peaks
associated with Sig; will be observed at a higher temperature. Majety et al. [45] reported a deep
donor level of about 1.20 eV from the temperature dependent resistivity results and also found that

Si does cause n-type conduction in ~-BN at relatively high temperature. They concluded that this
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kind of a system is not appropriate for room temperature devices applications.

In the case of Sigp3z and Sig;p3ps, a donor (+1/0) transition level is not observed. Instead, the
double donor (+2/0) transition level is observed at E, + 1.15 eV and E, + 2.23 eV for Sig;p; and
Sipip3ps respectively. The double acceptor (-1/-2) transition energy level associated with Sig;p;
lies exactly at the CBM, which will not be practical for DLTS to identify this particular level. The
double acceptor (-1/-2) level associated with Sig 355 appear to be localized deep at E. —0.711 eV.
This suggests that non-stoichiometric complexes in 2-BN monolayer can be easily ionized at high
charge states, because the more electrons or holes are injected, the more transition levels approach

the band edges.

FIG. 4. The optimized local structure of Sip; complex. The distance d; is the N-Si bond length and d; is

the N-B bondlength at the next nearest neighbour with Si impurity.

In the case of neutral charge state, the substitution of Si impurity on the B site (Sig;) causes
a significant buckling on the #-BN as shown in Fig 4, having the buckling height A, of about
1.10 A. The three N atoms surrounding the Si impurity with the equivalent bond lengths d; of
1.72 A are out of plane. The N-B bond distances d, around the Si defect do not show much
difference as compared to that of pristine of 1.45 A. However, the observed distortion of #-BN due
to Si impurity is in contrast with the case of the substitution of carbon on the B site Cp, whereby the

h-BN monolayer becomes flat. The C atom fits well in the 2-BN monolayer due to its sp?> bonding
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TABLE II. The dependence of the defect-induced structural properties on the various charge states. The A,

is the buckling height of Si impurity from the 2-BN monolayer.

-2 -1 0 +1 +2

d, 1.81 1.80 1.72 1.62 1.62
d, 142 142 144 146 146
A, 1.28 1.29 1.10 041 0.40

nature, similar to /-BN monolayer, while the Si impurity is trying to preserve its sp> bonding that
has relatively large bond lengths.

The addition of a -1 charge into the Siz; complex increases the distance d; and buckling height
Ay, of neutral charge state by 0.10 A and 0.20 A respectively. This might be due to the coulomb
repulsion between the added electron into the Si defect orbital and the valence electrons in the ni-
trogen orbitals of the same spin. When a hole is added into the Sig, different scenario is noted, the
distance d; and buckling height A, of neutral charge state decrease by 0.10 A and 0.69 A respec-
tively. The addition of the second hole does not impose further significant changes on the structural
properties. In the case of carbon substitution, the C-N bond length is 1.41 A (1.38 A) when one
excess electron (hole) is induced into the system.[35] This reveals that both charges (-1 and +1)

significantly reduce the C-N bond length.

Electronic and magnetic properties

To study the electronic and magnetic properties of Si substitutional impurity complexes in
h-BN monolayer, the electronic densities of states (DOS) were plotted and shown on Fig 6. Fig 5
depicts the DOS of pristine 2-BN monolayer for comparison purpose. The majority and minority
spins are symmetrical for the entire plot, revealing the non-magnetic character in this system.

Fig 5 also shows that pristine #-BN monolayer is a wide band gap semiconductor.
Fig 6 shows that the Si substitutional impurity complexes introduce new states within the band

gap of h-BN monolayer. The ground state of most complexes is spin-polarised (majority spin

DOS are not equivalent to minority spin DOS) as compared to the pristine #2-BN monolayer. De-
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FIG. 5. The spin polarized total density of states of 4-BN. The Fermi level ( at Ex = 0 eV) is shown by the

dashed vertical line.

pending on the substitutional site, the induced states appear to be either deep (in the middle of
the gap) or shallow (appearing within the gap but close to the band edges). Table III presents the
total magnetic moment and magnetization energy AE,,,, of each complex system. The AE,,,, is
the energy gained when the spin polarisation is imposed in the calculation and is proportional to
Currie temperature. [72] We obtain this energy as the energy difference between the total energy

of spin-polarised ground states and that of the non-spin-polarised (non-magnetic) system.

Fig 6(a) depicts the DOS of Sig; complex. Two deep Si impurity spin states in the band gap
are noted, in good agreement with Liu ef al. [47] In the case of Cg, Park et al. [71] reported
that the impurity state associated with C is located close to the conduction band. We observe a
metallic behaviour in the majority spin channel with the Fermi level lying on the impurity states,
while the minority spin component shows a semiconducting behaviour. This confirms that the
Sig; complex in A-BN monolayer is half-metallic in nature. The spin ordering of this particular
complex is ferromagnetic with a total magnetic moment of 1.00 4B and magnetization energy
AE,,, of 0.34 eV. Sato et al.[72] reported that in general, if the system is half-metallic, the total
magnetic moment should be an integer number. Our findings can be explained using molecular
orbital theory as follows: the removal of B atom from /#-BN monolayer results in three N dangling
bonds. Si impurity on B vacancy site acts as an electron donor due to its lower electronegativity
as compared to the N atom. Basically, the Si atom has four valence electrons to donate, however

the three N dangling bonds can accept three. The fourth valence electron becomes loosely bound
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FIG. 6. The spin polarized total density of states of various uncharged Si complexes in A-BN. The Fermi

level (at Er = 0.00 eV) is shown by the dashed vertical line.

(dangling bond) and lies in a partially occupied p state at the vicinity of the Fermi level. Fig 6(b)
depicts the DOS for Sig;p; complex. It is noted that the Sig;p; complex induces more states into
the band gap than Sig;. This is not an odd result, because Sig;p3; has more loosely bound electrons
than the Sig; complex. Nevertheless, the DOS of this complex exhibits half-metallic character. The
DOS for the Sig; 35 complex on Fig 6(c) shows a deep pronounced defect state peak crossing the
Fermi level. This implies that majority of localized electrons associated with the three Si impurities
incorporated in the B sites in 2-BN populate around the Fermi level. The Sipg355 complex is also
half-metallic in nature, and order ferromagnetically with magnetic moment of 3.00 uB per cell and
magnetization energy of 0.85 eV. We conclude that the creation of a Si cluster will increase the

Currie temperature of the 4-BN sheet.
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TABLE III. The calculated magnetization energy AE,¢(eV) and total magnetic moment Tmm(up) of Si
complexes in A-BN layer. The spin orderings AFM and HMFM stand for antiferromagnetic and half-

metallic-ferromagnetic respectively.

Complexes Spin order AE,,,,(eV) Tmm(uB)

Sip HMFM 0.34 1.00
Sing HMFM 0.15 0.91
Sipip3 HMFM 0.56 2.00
Sinona AFM 0.00 0.00
Sigipzps ~ HMFM 0.85 3.00
Sinvovane ~ HMEFM 0.01 1.02
Sipin2 AFM 0.00 0.00
Sipina AFM 0.00 0.00

To have a significant understanding on the magnetic properties of the energetically favourable
complexes (Sig;, Sipips and Sigip3ps), we examine the interaction of partial density of states
(PDOS) for Si and A-BN monolayer illustrated on Fig. 7. It is evident from Fig. 7 that the half-
metallic behaviour revealed in Sig;, Sigip; and Sip;p3ps complexes mainly originates from s and
p hybridization between 2p (B and N), 35 (Si) and 3p (Si) states. We note that the Si 3s and 3p
partial states make a significant contribution to majority states that cross the Fermi level. Based on
this observation it suffices to mention that Si impurity impose half-metallic character in the #-BN
layer. Based on standard Mulliken population analysis, it was found that each Si atom contributes
a magnetic moment of 0.71 uB and all three polarized N atoms surrounding Si defect contribute
0.33 uB. For the s and p partial contribution, the 3s and 3 p orbitals contribute 0.26 4B and 0.45 uB
(Si) whereas 2s and 2p states contribute 0.051 uB and 0.28 uB (N) respectively.

Figs 6(d, e and f) present the DOS for Siy, Siyona and Siyayane complexes respectively. We
note that Siyoy4ne complex manifests more Si impurity states within the band gap of #-BN mono-
layer as compared to other complexes. Even though Siy, and Siy,y4nve complexes have different

concentration of Si impurities, order ferromagnetically, possess nearly the same magnetic moment
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FIG. 7. The spin-polarized partial density of states (PDOS) of Si substitutional complexes (a) Sip; (b)

Sip1p3 and (c) Sip1p3ps. The Fermi level ( at Er = 0.00 eV) is shown by the dashed vertical line.

of almost 1.00 uB and have nearly the same magnetization energies (see Table III). The Siyon4
complex orders antiferromagnetically, in the absence of both magnetic moment and magnetization
energy. Si impurity in the N site accepts three electrons from its three nearest neighbour B atoms
due to high electronegativity and remains with one hole. The observed half-metallic character in
the ground state of Siy, and Siysnane might be due to the effect of hole excess, which should be an
indication that some orbitals are partially occupied.

The DOS for Sigy, and Sig;y4 are presented on Figs 6(g and h) respectively. It is noted that
simultaneous incorporation of Si impurities on both B and N sites result in a non-spin polarized
ground state without magnetic moment and magnetization energy. This incorporation is consid-
ered to be co-doping, because the composites Sig;y, and Sigiy4 involve acceptor (Siyy or Siyg)
and donor (Sig;) defects. This compensation enables these complexes to order antiferromagneti-
cally (See Figs 6(g and h)). The DOS for Sip;y, cross the Fermi level deeper than that of Sigy4

complex. The shifting of Fermi level in Sig;y, complex may likely be a result of the formation of
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FIG. 8. The spin polarized total density of states for the energetically favourable charged Si complexes in

h-BN. The Fermi level ( at Er = 0 eV) is shown by the dashed vertical line.

Lastly, we examine the influence of various charge states on the half-metallic character revealed
in the Sig;, Sig;p3 and Sipp3ps complexes using the DOS shown on Fig 8. The Fermi levels of sys-
tems Siyl and Siy? appear to be closer to the conduction band edge relative to uncharged (Sigl)
complex. This implies that these complexes are ready to donate electrons into the conduction
band. It is also important to mention that these negatively charged systems (Si,} and Si;}) possess
ferrimagnetic character (at the Fermi level, the magnitude of majority carrier peak is more than
the minority carrier peak) with the magnetic moments of 0.65 uB and 0.42 uB per supercell re-

spectively. On the other hand, the ground state of positively charged complex Sip; (Si} and Si}?
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is non-spin polarised. These positively charged complexes order antiferromagnetically without
magnetic moment. The effect of positive charge state in these complexes shifts the Fermi level
towards the valence band revealing the deficiency of electrons in these systems.

Both the negatively charged Si; ,, and Siy?,, complex systems exhibit ferromagnetic character
(shown on Fig 8) with a significant magnetic moment presented on Fig 9. These complex systems
manifest donor behaviour by shifting the Fermi level of Si%, ,., towards the top of the conduction

band edge. The systems Si;i 5 and Si;ﬁB3 maintain the half-metallic character of uncharged Si’

B1B3*
The Si}] g3 yields enhanced magnetic moment of 3 uB, whereas Si*? . retains the magnetic mo-

BIB3

ment of 2 uB as obtained for the neutral Sig;p;. This implies that the induced magnetic moment
in these complexes is controllable by an addition or removal of electrons. The charged Siy| s,
Siytpspss Singaps and Siki,sss systems still retain the induced deep states crossing the Fermi level
and order ferromagnetically, albeit with reduced magnetic moments as seen on Fig 9. This implies
that a system containing cluster of Si impurities occupying B site in A-BN can operate at high

electronic or hole charge doping without changing magnetic ordering.

Magnetic moment (1)
=
[6)]

o bk
r(‘rl =
L

o
N=)
o

10 00 10 20
Charge states

FIG. 9. The dependence of ordered magnetic moments induced by energetically favorable Si substitutional

complexes on the charge states g = -2, -1, 0, +1, +2.

CONCLUSIONS

Using first-principles DFT methods, we investigated the stablity, electronic and magnetic prop-

erties of various stoichiometric and non-stoichiometric Si substitutional impurity complexes in
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h-BN monolayer. The response of the properties of the most energetically favourable complex to
various charge states was also examined. In the case of non-stoichiometric complexes, we found
that an enhanced stability is obtained in the environment that corresponds to the high amount of
atomic species surrounding Si in the h-BN monolayer. The formation of Si in the B site (Sig,
Sigip3 and Sipipsps) is exothermic whereas that of Si in the N site (Siy2, Siyoys and Siyoyane) 18
endothermic, in their respective favourable atmospheric conditions.

The incorporation of Si complexes in the 2-BN monolayer introduces impurity states into the
band gap. Our results indicate that non-stoichiometric complexes tune the non-magnetic ground
state in 4-BN to order half-metallic ferromagnetically. These complexes offer significant magnetic
moments and magnetization energies that depend on the number of Si impurities. We revealed that
half-metallic character originates from s and p orbitals hybridization of all atoms involved with a
major contribution from the Si impurity 3s and 3p partial orbital. The formation of stoichiometric
Si complexes (Sigiy2 and Sigiyg) 1s independent of growth condition owing to donor-acceptor
defects compensation. This compensation leads to these systems to order antiferromagnetically
without magnetic moments and magnetization energies.

The properties of non-stoichiometric complexes (Sig;, Sigips and Sig;p3ps) have shown great
dependence on the charge state and also the position of Fermi level. As p, increases, the positively
charged Si substitutional complexes show an increase in formation energy from the VBM, while
the negatively charged complexes show a decrease towards the CBM. The effect of charge injec-
tion also introduces deep thermodynamic transition levels within the band gap. We revealed that
magnetism in these complexes is tunable due to charge variation. The Fermi level of positively
(negatively) charged Sip, shifts towards CBM (VBM) relative to the uncharged complex, and half-
metallic character get lost. The charged cluster Sig;p3ps retains half metalicity and ferromagnetic

ordering, despite a decrease in magnetic moment.
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