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ABSTRACT

We present atheoretical study of the formation energies of monovacancy
defectsof CBNNTS(1:5) (BN/C withratio 1/5). We have considered arange

of different nanotube diameters and chiralities, as well as different CBNNTSs,
arrangementsof C and BN. Applying B3LY P/6-31g(d,p) with using density Monovacancy defect;
functional theory (DFT), three distinct structural combinations of carbon DFT.

nanotubes (CNTs) and boron-nitride nanotubes (BNNTS) have been
investigated in order to model carbon boron nanotubes (CBNNTS): BN-
random distribution, BN-row distribution, and BN-zigzag distribution. We
have shown for first time a detailed study of formation energies of the
monovacancy defectsin CBNNTscan be atered depending on the position
of the removing carbon atom rather than their diameters and chiralities.
The smallest formation energies are obtained when the carbon atom is
removed close to anitrogen atom, however the highest formation energies
are obtained when the carbon atom is removed close to a carbon atom.
Thiswork may allow the fundamental control needed for designing next-
generation electronic components of CBNNTS.
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INTRODUCTION

Carbon nanotubes (CNTs) and Boron-nitride
nanotubes (BNNTS) possessdifferent e ectrical behav-
iors. Therefore, the heterogeneous CBNNTsmay al-
low thefundamenta control needed for designing next-
generation e ectronic components, sensors, and struc-
tura composites*®., With the development of fabrica:
tion technol ogy in nanometer materials, heterojunctions
formed between nanotubes have recently been synthe-
sized®*s, However, the behaviors of the resulting
heterojunctionsasgrowth, defectsand stability are till

unknown. Thisinformationisnecessary when design-
ing optimal synthesisproceduresfor these structures
and for understanding their resulting properties, which
may betuned for specific gpplications. Monovacancy
defects can becreated during the growth, thereforeitis
considered to bethe most common defect. Inthisar-
ticlewe provide adetailed theoretical study of thefor-
meation energiesof monovacanciesof short heterogenous
C/BN nanotube segments, gpplying density functional
theory (DFT) calculationsand using GO3W package.
Most of thepreviousworks havebeen studied thepris-
tine short heterogeneous nanotube segments. Previous
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DFT studieshave shown that theel ectronic structure of
hybrid CBNNTs depends on the pattern and the com-
position of C and BN within thetubelattice?®. In our
caculations, theshort CNT and BNNT segments cor-
responding to zigzag (5,0), (7,0) and (9,0) and arm-
chair (4,4), (6,6) and (7,7) structures, were chosento
model the general featuresof these hybrid materials,
see Figure 1. Here, we definethree distinct structural
combinationsof short CNT with BNNT segmentsto
beusedin our modelinginvestigations: (1) dternating
segmentsof CNT and BNNT (BN-random distribu-
tion), (2) continuous segments of CNT and BNNT
through theradia tube (BN-row distribution), and (3)
continuoussegmentsof CNT and BNT through thetube
axis (BN-zigzag distribution). While many other ar-
rangements can beimagined, wefocuson thesethree
well-defined geometric linkages, in order to establish
wel|-characterized formation energiesof monovacancies
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Figurel: Fully optimized geometriesof a) BN-random b)
BN-row c) BN-zigzag of (5,0) CBNNT S(1:5), d) BN-random,
€) BN-row, and f) BN-zigzag of (4,4) CBNNTS(1:5). Carbon
atom (gray), nitr ogen atom (blue) and bor on atom (gr een).
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of short heterogeneous CBNNT segments. Also, the
modifications of formation energiesdueto effects of
variousratiosof number of BN atomsto number of C
atomswithin short CBNNT segments havebeenin-
vestigated. However, themonovacancy defectsarecre-
ated at different three positions: by removing acarbon
atom closeto acarbon atom (v,), or closeto aboron
atom (v,) or closeto anitrogenatom (v,).

COMPUTATIONAL METHODS

All caculationswere performed with the DFT as
implemented within GO3W package 68, using B3LY P
exchange-functiond and applying basi sset 6-319(d,p).
All obtained Sructuresarefully optimized with spin av-
erage. Eighteen structures of pristine short heteroge-
neous CBNNT segmentswithratio 1/5 of BN atoms
to C atoms, havebeeninvestigated. TheBN atomsare
distributed throughthe CNT by threewaysasexplained
before: BN-row distribution, BN-random distribution
and BN-zigzag distribution. Every distributionisap-
plied on six short CBNNT segments; (5,0)CBNNT,
(7,00CBNNT, (9,0)CBNNT, (4,4)CBNNT,
(6,6)CBNNT and (7,7)CBNNT. For monovacancy
defectsin short CBNNT segments, fifty-four structures
withratio CBNNTS(1:5) are studied. Themonovacancy
defectsare applied at different three positions(v,, v,
v,), asexplained before, for each structure of theeigh-
teendifferent configurationsof short CBNNT ssgments.
Theformation energiesof monovacancy defects (E)*%
arecd culated usingthefollowing formula:

E,=E,-E,-E @)
whereE . isthetotal energy of pristinenanotube, E is

thetotal energy of the defected nanotube, and E _isthe
chemical potentia of carbon atoms.

RESULTS

By employing ab initio simulations, Berseneva
et.al® have been studied the C doping of h-BN sys-
tems. They found that athough radi ation damage should
definitdy play arolein the substitution process, themain
drivingforcefor thesubstitution istheenergeticsof the
system, asit costsless energy to substitute aB-atom
than N-atom, especialy when the systemis positively
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charged. Inthis paper we have studied theformation
energies of monovacancy defectsin BN doping in
CNTs. Figure 1 showsthethreedifferent waysof dis-
tributing BN atomsin zig-zag and arm-chair carbon
nanotubes, BN-random distribution, BN-row distribu-
tionand BN-zigzag distribution.

Vacancy migrationin hexagona boron nitride Bo-
ron vacancies have been studied by Zobelli et.al.[?Y,
they havefound that boronfirst thermaly activated and
can migrateto form more stable BN divacancieswho-
ever, inthe contrary, nitrogen vacancy migrationisen-
ergeticaly unfavorablewithindl thetemperaturerange
bel ow the melting point of h-BN. For each structure of
the Eighteen different configurations of undefected
CBNNTSs, the mono-vacancy defects are created by
threeways: removing acarbon atom closeto acarbon
atom (v,), or removing acarbon atom closeto aboron
atom (v,) or removing acarbon atom closeto anitro-
gen atom (v,), see Figures 2,3. Hence, in thiswork,
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Flgure2 : Posmonsof monovacncy defectsa) v,b)v, and c) v,

for BN-row (5,0)CBNNTS(1:5). Thebigcirclesrefereto
positionsof themono-vacancy defects.
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Figure3: Postionsof monovacncy defectsa) v, b) v, and c) v,
for BN-row (4,4)CBNNTS(1:5). Thebigcirclesrefereto
positionsof themono-vacancy defects.

fifty-four monovacancy defect structures of heteroge-
neous CBNNTS(1:5) areinvestigated.

From TABLE 1, for (5,0) CBNNTsthe heighest
andthelowest ca cul ated formation energiesfor mono-
vacancy defects are 9.91 eV and 7.12 eV when the
carbon atom isremoved closeto carbon atom and ni-
trogen atom, respectively, comparing with 7.82 eV for
themonovacancy defect in pristine (5,0)CNT. For (7,0)
CBNNTS, the heighest and thelowest cal culated for-
mation energiesfor mono-vacancy defectsare9.73eV
and 7.31 eV when the carbon atom isremoved close
to carbon atom and nitrogen atom, respectively, com-
paringwith 9.53eV for themonovacancy defectinpris-
tine (7,0)CNT. For (9,0) CBNNTS, the heighest and
thelowest cd cul ated formation energiesfor mono-va-
cancy defects are 10.24 eV and 8.23 €V when the
carbon atom isremoved closeto carbon atom and ni-
trogen atom, respectively, comparing with 9.80 eV for

TABLE 1: Calculated formation ener giesfor mono-vacancy defectsin CNTs, E(v), and zig-zag CBNNTS(1.5), E(v,), E,(v,)

and E(v,). Energy isgivenin ev.

CNTs CBNNTSs(1:5)
BN-random BN-row BN-zigzag
E(v) Er(vy) Ei(v2) E(va) Er(vy) Ei(v2) Ex(va) E(vy) E«(v2) Ex(va)
(5,0 7.82 9.01 8.67 8.34 7.98 7.44 7.12 9.72 8.20 7.76
(7,0 9.53 9.14 8.99 8.87 9.08 8.37 7.31 9.73 8.62 8.00
(9,0 9.80 9.71 8.62 8.67 10.24 9.23 8.23 10.21 8.11 9.15

v, referstoremove a carbon atom closeto another carbon atom; v, refersto remove a carbon atom closeto aboron atom; v, refers

to remove a carbon atom close to a nitrogen atom
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the monovacancy defect in pristine (9,0)CNT. For al
zig-zag CBNNTS(1:5), itisnoticed that theformation
energiesareincreased with increasing the stability/di-
ametersof CBNNTS(1:5). Accroding to different ways
of BN-distribution, theformation energiesarefor BN-
raw distribution < BN-zigzag distribution < BN-ran-
domdistribution.

FromTABLE 2, For (4,4) CBNNTS, the heighest
and thelowest ca cul ated formation energiesfor mono-
vacancy defects are 9.89 eV and 7.43 eV when the
carbon atomisremoved closeto carbon atom and ni-
trogen atom, respectively, comparing with 10.18 eV
for themonovacancy defect in pristine (4,4)CNT. For
(6,6) CBNNTSs, the helghest and thelowest cal culated
formeation energiesfor mono-vacancy defectsare 10.31
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eV and 8.17 eV when the carbon atom is removed
closeto carbon atom and nitrogen atom, respectively,
comparing with 10.28 eV for themonovacancy defect
inprigtine(6,6)CNT. For (7,7) CBNNTS, theheighest
and thelowest cal cul ated formation energiesfor mono-
vacancy defectsare 10.72 €V and 7.88 €V when the
carbon atom isremoved closeto carbon atom and ni-
trogen atom, respectively, comparing with 10.63 eV
for themonovacancy defect in pristine(7,7)CNT. For
al arm-chair CBNNTS(1:5), it isnoticed that thefor-
mation energiesareincreased withincreasingthe sta-
bility/diametersof CBNNTS(1:5). Accrodingto differ-
ent waysof BN-distribution, theformation energiesare
for BN-random distribution < BN-raw distribution <
BN-zigzag distribution.

TABLE 2: Calculated formation ener giesfor mono-vacancy defectsin CNTs, E (v), and arm-chair CBNNTS(L:5), E (v,), E(v,)

and E(v,). Energy isgivenineV.

CNTs CBNNTS(1:5)
BN-random BN-row BN-zigzag
E«(V) Er(va) Ex(V2) Er(vs) Er(va) Ex(v2) Er(vs) Er(va) Ex(v2) Er(vs)
(4,9 10.18 9.60 8.30 743 9.20 8.77 8.54 9.89 7.40 7.90
(6,6) 10.28 9.91 8.86 8.17 10.02 9.42 9.48 10.31 8.30 8.55
(7,7 10.63 9.38 8.62 7.88 10.27 9.66 9.71 10.72 8.44 8.61
thelowest formation energiesareto be BN-raw distri-
CONCLUSION bution and BN- radom distribution for zig-zg and arm-

A complete set of formation energiescalculations,
consdering arangeof different nanotubediametersand
chiraities, aswell asdifferent arrangementsof C and
BN isreported. Eighteen structures of short heteroge-
neous CBNNT segments, and fifty four structuresfor
monovacancy defected of short heterogeneousCBNNT
segmentsare studied using B3LY P/6-31g(d,p). There
arethreedigtinct structural combinationsof CNTswith
BNNTshavebeen used in our moddinginvestigations.
BN-random distribution, BN-row distribution and BN-
zigzag distribution. For all zig-zag and arm-chair
CBNNTS(1:5), itisnoticed that theformation energies
areincreased with increasing the stability/diameters of
CBNNTS(1:5). Itiseasier to createthe monovacancy
defect on CBNNTswhenthecarbonatomisclosetoa
nitrogen atom. Also, it isfound that the formation en-
ergy of monovacancy defect on CBNNTsisaways
lesstheformation energy of monovacancy defect on
CNTs. Accroding to different ways of BN-distribution,

chair CBNNT/(1:5), respectively.
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