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B and N ion implantation into carbon nanotubes: Insight from atomistic simulations
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By employing atomistic computer simulations with empirical potential and density functional force models,
we study B/N ion implantation onto carbon nanotubes. We simulate irradiation of single-walled nanotubes
with B and N ions and show that up to 40% of the impinging ions can occupy directlypthgositions in the
nanotube atomic network. We further estimate the optimum ion energies for direct substiAltionitio
simulations are used to get more insight into the structure of the typical atomic configurations which appear
under the impacts of the ions. As annealing should further increase the nuns@rimpurities due to dopant
atom migration and annihilation with vacancies, we also study migration of impurity atoms over the tube
surface. Our results indicate that irradiation-mediated doping of nanotubes is a promising way to control the
nanotube electronic and even mechanical properties due to impurity-stimulated crosslinking of nanotubes.
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I. INTRODUCTION fullerene solid$? but, to the best of our knowledge, this
Since the discovery of carbon nanotubes in 193he technique has not yet been used for carbon nanotubes. We

outstanding mechanical and electronic properties of these t§iress that nanotubes are nano-objects with a unique atomic
bular molecules have stimulated much research on nanotut§éructure, and thus it is not clearpriori if it is possible to
applications. One of the major goals has been to use nanditroduce substitutional impurities by irradiating them. Fur-
tubes in electronics as, in addition to their inherent nanomther, the probability of direct substitution and the optimum
eter sizes, they can be either semiconductors or mefdie.  ion energy for implantation are also unknown.
electronic properties of the nanotube are determined by the Making use of molecular dynamics with analytical poten-
tube chirality? Unfortunately, as-grown nanotubes present dials we simulate irradiation of single-walled nanotubes
mixture of tubes with different chiralities, and despite a sub-(SWNTs with B and N atoms and show that up to 40% of
stantial effor at the moment there is no way to reliably the impinging ions can directly occupy tisg? positions in
separate nanotubes according to their electronic structure. the nanotube atomic network. We also estimate the optimum
Similar to conventional semiconductor technology, theion energies for the direct substitution. We further use den-
electronic properties of nanotubes can be tailored by introsity functional theory(DFT) to obtain more insight into the
ducing impurities. To this end, it has been suggested to dopgeometry and electronic structure of the typical atomic con-
carbon nanotubes with B and/or N atofn& This is a natu-  figurations that appear under impacts of the ions. As anneal-
ral choice of the dopant, as B/N have roughly the saméng should further increase the numberspf impurities due
atomic radius as C, while they possess one electron lesty dopant atom migration and occupying the empty positions
more than C, respectively. N doping has received particulagt vacancies, we also study migration of impurity atoms over
attention, as N impurities can also give rise to nanotubdhe tube surface. Our simulations indicate that B and N ada-
functionalizatior® and transformations of the atomic net- toms on the nanotube surface are highly mobile at room
work to bamboo-like structurés’ which can enhance field temperature, and thus a further increase in the numbsprof
emissiont? dopant atoms is possible after annealing due to the vacancy-
Several methods based on arc-discharge techrfigéies mediated mechanishof substitution.
and substitutional reactiohdiave been developed for dop-
ing. Unfortunately, instead of occupying the substitutional

sp? position in the graphitic network, a substantial part of the Il. SIMULATION METHODS
dopant is chemisorbétion the nanotube surface, forms ni-
trogen molecules intercalated between graphite laleos, To simulate impacts of B/N impurity atoms into SWNTSs,

binds to irregular carbon structuressp’® sites® Besides this, we employed classical molecular dynam{#4D) with em-
substitutional reactions with N atoms seem to be almost impirical (analytica) potentials. The simulation method is de-
possible for nanotubes with diameters less than & mrob-  scribed at length in our previous publicatiorfd®and there-
lems with incorporating B atoms into the carbon lattice offore we present here only the details essential for this study.
nanotubes have also been reporftedll of these issues fur- The interactions between atoms of different typ@s—B/N)
ther limit the applicability of these techniques. were described by a Tersoff-like potential by Matsunaga

In this paper, we offer an alternative way to introduceal.!® To realistically model energetic collisions, we smoothly
B/N impurities into nanotubes. We suggest using ion irradiajoined the potentials with the Ziegler-Biersack-Littmark re-
tion as a tool to dope nanotubes with B and N. lon beamgulsive potentiak at short interatomic separatiofiswe did
have been used to implant*Nions into graphit®® and not account for the electronic stopping as the ion energies
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were low and the nuclear slowing down governed the colli-
sional phase.

To get more insight into the structures and energetics of
the typical atomic configurations which appear under irradia-
tion, we also ran DFT calculations. We used the plane wave
basisvasp code???2 implementing the generalized gradient
approximation of Perdevet al?* We used projected aug-
mented wave potentigs2® to describe the coréls?) elec-
trons. A kinetic energy cutoff of 400 eV was found to con-
verge the total energy of our systems to within 1 meV.
Brillouin zone sampling is performed using tkgoints gen-
eration scheme of Monkhorst-P&éKI"-point included.

We stress that dynamical simulations of B/N ion impacts
onto nanotubes can nowadays be carried out by employing N
empirical potentials only, as DFT dynamical calculations are
computationally too expensive, since many runs with differ- (e)
ent impact parameters are required to obtain comprehensive
statistics. Note that the analytical potential we used was de-
veloped for cubic boron-carbon-nitride systems and its pa-
rameterization did not include any graphitic systems with
spr-hybridization of atoms. Thus, one could not expect a
perfect agreement between the DFT and empirical potential
data. However, as we show below, all the irradiation-induced
atomic configurations calculated by the empirical method
proved to be stable within the DFT approach, and the geom-
etry and energetics of the typical impurity atom-nanotube
atomic configurations calculated by the empirical potential
and DFT methods are in qualitative agreement.

As an additional test for the dynamical simulations of ion
impacts, we also ran simulations with the Brenner II
potentiaf® (with parameters for carbonassuming that B and

FIG. 1. Most abundant atomic configurations after B/N ion im-
pacts onto single-walled carbon nanotul{es perfectsg? impurity,
(b) bridge, (c) rocket, and(d) sp?+C configurations in 810,10
SWNT as calculated with the analytical model. The dark spheres
represent the dopant atom, the light ones carbon at@nand (f)

N atoms are chemicall ivalent to C. but with th " The rocket configurations in &,5 SWNT as calculated with the
atoms are chemically equivaient fo &, bu € COIMEClH 1 model. Note partial mending of the defects by dangling bond
atomic mass. This made it possible to assess how sensitive Qturation.

the potential parameters the results of calculations were. We

obtained very close data on the defect distribution and ap- As finite temperatures can be important for the defect
pearance probabiliti€®,which indicated that the results de- eyolution, we also studied the annealing of defects. In these
pended only weakly on chemical interactions; rather theysjmylations, after the completion of the collisional phase we

were governed by the collisional phase. increased the temperature up to 1500 K and simulated the
system behavior for 0.1 ns. This computational technique
Ill. RESULTS AND DISCUSSION made it possible to account, at least partially, for defect an-

nealing at low/room temperatures but on a macroscopic time
scale, and thus get rid of spurious metastable
We started with dynamical simulations of SWNT bom- configurations”’
bardment with B and N ion¥ We considered individual To differentiate between direct and annealing-mediated
armchair (10,10 SWNTs with a diameter of 1.4 nm. We substitution, we analyzed defect configurations before and
simulated impacts of the ions with different energies onto aafter the annealing. We found that there are four different
100 A long SWNT. The ion impact points were randomly implant atom-SWNT configurations which dominate for both
chosen. The ion beam direction was assumed to be perpeB-and N. These configurations are shown in Fig. 1. The most
dicular to the SWNT axis. To obtain representative statisticsimportant configuration is the perfesg? position of the dop-
for each ion energy we ran 200 independent simulations angnt in the nanotube atomic netwdrkee Fig. 1a)]. Another
averaged the results. Periodic boundary conditions were enwidespread configuration, especially at low energies of the
ployed, and the Berendsen temperature control tech#iqueions, is the B/N adatom on the tube surf4&ég. 1(b)].
was used at the tube boundaries to account for the energy In addition to these two configurations, the most prolific
dissipation at the borders. The simulation temperature wastomic configurations proved to be as follows: in the
chosen to be 0 K(the system temperature before the ion*“rocket” defect type, the impact of the dopant atom has dis-
impac). When the collisional phase was over, the systenplacal a C away from the SWNT network and has replaced
was quenched to zero temperature over 30 ps, which is thenother Qitwo carbon atoms are missing sf? defeci [Fig.
typical time of epithermal energy dissipation in carboni(c)]; in the sp?+C defect typgFig. 1(d)], the dopant atom
systems’? has replaced a carbon atom that remains bonded to the dop-

A. Dynamical simulations of N/B ion impacts onto SWNTs
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05— 77— TABLE I. Defect types and their relative abundar(tiee prob-
- Boron ——e-- 2-coordinated |1 ability to appear before (the first row and after annealingthe
04 --8-- 3-coordinated | second row. V¢ is the number of missing C atoms, i.e., C vacan-
r --¢-- 4-coordinated | cies. Note that because some dopant atoms are scattered away from
- I . or transmitted through the tube, the sum of all cases is less than
=03F — unity. The total abundance of defects does in some cases increase
% X ] after annealing when atoms which are zerofold bonded before an-
-8 L ] nealing bond with the tube network during annealing. The estimated
o 02F E standard deviation is about 0.05 in the values presented in the table.
0.1 — Boron Nitrogen
oL 1 Type Ve 50eV 150eV 300eV 50eV 150eV 300 eV
0 100 200 300

lon energy (eV) sz 1 0.30 0.23 0.09 0.40 0.16 0.17

0.28 0.27 0.12 040 0.39 0.11
FIG. 2. Probabilities for coordination numbers for B as func-grigge 0 0.04 0.01 0.01 0.03 005 0.01

tions of the initial ion energy. The open/full symbols stand for the 0.05 0.00 0.00 0.00 0.00 0.02
Its before/after th ling. ) : : ) ) )
resullts betorerafier the annealing Rocket 2 000 003 000 000 003 001

. . . . 0.00 0.00 0.00 0.00 0.03 0.03
ant. This configuration was particularly common for B.

These defect types make up 70%—-80% of all final Configu-s'p2 0 015 002 0.000.00 0.0 0.00
rations for bonded B before and 70%-90% after the anneal-© 015 005 000 0.00 000 000
ing. For bonded N these probabilities are 45%—-85% andther 014 023 013 019 037 012
50%—80%, respectively. Bonded 0.25 0.27 0.20 0.19 0.20 0.23

An alternative way to analyze the overall effect of ion
impacts onto nanotubes is to count the number of nearest L . ,
neighbors(the coordination numbgrof the dopant atoms. 1°0NS that remains in the tube decreases with energies above
We calculated the coordination number for every dopan?0 ev. . .
atom after every run. The number of dopant atoms with dif- |t We only consider those dopants that stay in the tube, the
ferent coordinations per one impinging igisoordination ~ values in Table | show that the probability for dopant atoms
number probabilitiesare shown in Figs. 2 and 3 for B and N the tube to achieve the substitutiorsgf configuration is
N, respectively, as functions of ion energy. It is evident that200ut 50% for B and 65% for N at 50 eV beforeo annealing.
the probabilities for three-coordinated dopant atoms havé't 300 eV the corresponding probabilities are 40% for B and
maxima near 50 eV. For boron, the probability can be up 2% for N. From these numbers one notices that the prob-
40%, and almost 50% for nitrogen. ability of achieving thesp? configuration(for dopants stay-

Note that at low ion energies the ion can be bounced baci?g in the tubg decreases only relatively weakly with energy.
by the tube(or just scatteredl so that the ion remains zero Howe\_/er, hote th"’_‘t the relative amount of complex d_efect
coordinated. Thus, the sum over all probabilities shown irfYPeS increases with energy. Hence, the lowest energies are
Figs. 2 and 3, and Table I is less than unity. The fraction c)iztlll the best to achieve high fractions of substitutiosat

efects.
06 The probability maximum at-50 eV can be understood
T T . O
" Nitrogen [—~e-- 2-coordinated in terms of kinetic energy transfer. In our force model, a C
05 @ - —&-- 3-coordinated ator_n_ mu_st have a kl_netlc energy o_f Qbout 25_ eV to Ie_a\(e its
’ sy 228254 coordinated position in the atomic network. Within the binary collision
04 approximation, this corresponds to energies of ions of about

30 eV (for a head-on collision However, the impact param-
eter is randomly distributed, so that on average the ion
should have a higher energy. Besides this, an additional en-
ergy is required due to multi-atom interactions governed by
the cutoff range—the ion kinetic energy is transferred to both
the recoil and its environment. When the ion energy further
increases, the ions just go through the nanotube. Note that
B e the number of defects in the nanotube atomic network also
100 200 300 decreases at higher energies due to lower momentum
lon energy (eV) transfer:®
As dopant atoms can have the same coordination in dif-
FIG. 3. Probabilities for coordination numbers for N as func- ferent atomic configurations, we carried out a more detailed
tions of the initial ion energy. The open/full symbols stand for theanalysis of the final structures and the dopant bonding. The
results before/after the annealing. relative probabilities of the defects to appear are listed in

Probability
o o
N

e
-—

o
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Table | for different defect types. The maximum probabilitiesmuch smaller. The €-C bond between the two carbon at-
for dopant atoms to end up in the? configuration are oms nearest to the B atom increases to 1.47 A. For the N/B
~30% for B and ~40% for N. Thus, nearly all three- adatoms adsorbed on the outer surface of(§18) SWNT
coordinated impurity atoms are in tlsg’ configuration. [Fig. 1(b)], the N/B atom breaks the -G C bond between

We obtained qualitatively similar results (8,5 SWNTs. the two carbon atoms bonded to the N/B atoms, occupying
We did not systematically study how the optimum energyout-of-plane positions. The length of the-NC/B—C
depends on the SWNT diameter, but our simulations unambonds are 1.40 A/1.49 A, and the adsorption energies are
biguously show that substitution is possible for nanotube$.81 eV/2.76 eV.
with arbitrary diameters. Thus, if indeed the substitution re- DFT calculations for the rocket configuration in(%,5)
action mechanism does not work for nanotubes with diamSWNT showed that the saturation of dangling bonds gives
eters less than 8 nfhthe irradiation-mediated method rise to a drop in energy and that the configuration showed in
should be able to overcome the limitations of the chemicaFig. 1(f) has the lowest energy. The analytical potential gave
methods. the same results fo5,5 tubes, but for tubes with larger

diameters the reconstruction did not occur. For the rocket
configuration in graphite, the distance between the two two-

B. Density functional theory calculations of dopant atom- coordinated carbon atoms is 1.88 A. Electron density con-

nanotube configurations tours show that there is weak interaction between them.

In order to get more insight into the structures and ener- It is worth mentioning that all atomic configurations that
getics of the typical atomic configurations which appear afte@Ppeared after irradiation proved to be stable within both the
iradiation, we ran DFT calculations as described aboveDFT and empirical potential approaches. The analytical po-
Throughout this section, when listing the numbers, we refeféntial results gave different values of the adsorption/
to the results of DFT simulations unless stated otherwise. Substitution energies, but nevertheless, correctly reproduced

We chose a graphite sheet an@525) SWNT as the two the effect of curvature on the energetics.
limiting cases. The curvature of tH&0, 10 tubes used in
irradiation simulations is between that of ttle 5 tube and
the graphite. Thg€10, 10 and (5, 5 tubes have the same
chirality, so the properties of thel0, 10 tubes used in the One can expect that annealing should further increase the
dynamical simulations could be interpolated from those ofnumber ofsp? impurities due to dopant atom migration and
the graphite and thé, 5) tube. annihilation with vacancies created by energetic recoils. In-

We first calculated the energies of B/N atoms in g8 deed, even when the ion energy is higher than optimal for
substitution configurationgsee Fig. 1a)]. We found that it direct substitution, every impact creates many vacancies.
costs 1.86 and 1.76 eV to substitute a carbon atom with N il€onsequently, if the dopant atoms are mobile in the sample,
a graphite sheet an@, 5 tube, respectively. A very similar they will likely find a vacancy and recombine with it. Know-
value of 1.7 eV was recently obtained fo(® 5 tube!? The  ing the dopant atom migration energies is also indispensable
decrease in the formation energy from graphite to(fie5)  for understanding electron irradiation-induced transforma-
tube is consistent with the proposal that N atom prefers dions in nanotubes and othe—BC—N systems”’
nonplanar surrounding in the graphitic materit} al- In our dynamical calculations we partly took into account
though the actual buckling occurs at concentrations of Nhe annealing of defects on the macroscopic time scale by
atoms exceeding 20%8. Calculations for(7,0) and (9,0 elevating the temperature and running simulations for a short
SWNTs gave 1.24 and 1.61 eV, respectively, which furtheitime. However, Tersoff-like potentials are known to overes-
validates this assumption. For B dopant atoms, the cost dimate the migration barrier due to the presence of a finite
substitution is 3.64 eV for graphite and 3.08 eV fof55) cutoff for atom interactiong® To obtain more reliable data,
SWNTs. we calculated the barrier for N/B adatoms on a graphene

As for adatoms on graphene and the outer surface of theheet by the DFT method. We could not systematically cal-
tubes[Fig. 1(b)], both N and B adatoms occupy theidge culate the barriers for tubes with different diameters due to
position on top of G—C bonds, similar to C adatoni33®  computational limitations, but, similar to the case of carbon
Note that in nanotubes there are two different kinds of bondadatoms on the outer surface of nanotubes, the finite curva-
(oriented parallel/perpendicular to the tube &Xisn what  ture should be important only for nanotubes with diameters
follows, we refer to the “perpendicular’ configurations, less than 1 nm®
which are always lower in energy. We used the nudged elastic band meffid8implemented

When the N atom is in the bridge configuration on theinto vAsp to determine minimum barrier energy diffusion
graphite plane, the distance between the N atom and thgaths between known initial and final atomic configurations.
nearest neighbor is 1.45A. The adsorption energy isThe nudged elastic band method starts from a chain of con-
3.94 eV. The two C atoms bonded to the N atom becomdigurations interpolating between the initial and the final ge-
sp>-hybridized and the distance between them is 1.58 Aometries. The atomic positions in the different configurations
However, the interaction between the B adatom and thare then iteratively optimized using only the ionic-force
graphite is much weaker. The adsorption energy is 1.27 e\Vcomponents perpendicular to the hypertangent.

The distance between the B atom and the nearest carbon The energy barrier for the N/B adatoms to migrate to the
atom is 1.83 A and the distortion of the graphite sheet isadjacent equilibrium bridge-like position were found to be

C. Diffusion of dopant atoms and their recombination
with vacancies
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1.1/0.1 eV, with the migration path being a nearly straightwith vacancies, we also studied migration of impurity atoms

line connecting the adjacent equilibrium positions, similar toover the tube surface. We found that the migration barriers
that of the carbon adatom on the graphite surfachote  for nitrogen and boron adatoms are 1.1 and 0.1 eV, respec-
also that for adatoms inside the tube, the migration barriefively. Thus both types of adatoms should be mobile at room

should be even smaller due to the negative curvature. Thuéemperature, and a further increase in the numbesBf

the dopant atoms, especially boron, are mobile at room tenflopant atoms is possible after sample annealing due to re-
peratures, which should facilitate the annealing. combination of the dopant adatoms with vacanéies.

As dopant atoms change the local electronic structure of
the nanotub&;'%'? our results indicate that irradiation-
IV. DISCUSSION AND CONCLUSIONS mediated doping of nanotubes is a promising way to control
. . . . the nanotube electronic properties. In particular, by employ-
Making use of molecular dynamics with analytical poten- brop b y empioy

. : . o : ing spatially localized ion irradiation, it is further possible to
tials, we simulated irradiation of single-walled nanotubesdope predetermined parts of the nanotube, and thus make a
with low-energy B and N ions. We showed that up to 40% oOfgyperstructure, which can lead to the development of new

the impinging ions can occupy directly tfs positions in  nanotube-based electronic devices. In such experiments,
the nanotube atomic network. Given that at optimum iongther carbon nanotubes can be used as Maskgrotect the
energies about 65% of the impinging ions get stuck in thegreas of the irradiated tube. Mechanical properties of the
tube, this value makes up two thirds of the stopped ions. Thiganotube macroscopic samples can be altered as well due to
is a remarkably high number if one compares it, e.g., to thémpurity-stimulated crosslinking between graphitic sHglls
doping of conventional semiconductors like Si, where high-and individual nanotubes.
temperature annealing is usually needed to achieve a sizeable In conclusion, our results show that low-energy ion im-
fraction of substitutional positiorfs. plantation is a promising way to achieve a high fraction of
We also estimated the optimum ion energies for the direcsubstitutional B and N dopants in a carbon nanotube atomic
substitution, which are around 50 eV. We showed that, imetwork.
addition to the perfect substitutional position, the dopant
atom can form other stable/metastable configurations with
the carbon atoms at the surface of the intact nanotube and a The research was supported by the Academy of Finland
nanotube with irradiation-induced vacancies. under Project Nos. 48751, 50578, and 202737, the Academy
We further ranab initio simulations to get more insight of Finland Center of Excellence Prograi2000-200%, and
into the structure and energetics of the typical dopant atonpartially by the ELENA project within the Academy of Fin-
defect configurations that appear under the impacts of thiand TULE program. Grants of computer time from the Cen-
ions. As annealing should further increase the numbepdf ter for Scientific Computing in Espoo, Finland are gratefully
impurities due to dopant atom migration and annihilationacknowledged.
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