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Cesium encapsulation in single-walled carbon nanotubes via plasma ion irradiation:
Application to junction formation and ab initio investigation
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Using an approach different from the conventional vapor doping methods, Cs positive ions in a magnetized-
plasma column are irradiated upon a negatively biased substrate which is covered with dispersed single-walled
carbon nanotube§SWNTS. The Cs ions are evidently observed inside SWNTs byZtoentrast method in
scanning transmission electron microscopy, demonstrating the formation of alkali-metal encapsulating SWNTSs.
Ab initio band structures and density of states for the light and heavy doping regimes indicate the possibility of
using Cs-doped SWNTSs as doped junctions, with potential application in nanoelectronics. This is supported by
the direct experimental observation of an actual junction.
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I. INTRODUCTION 1. EXPERIMENTAL AND THEORETICAL APPROACHES

. . A. Experimental
Accommodation of various dopant atoms, molecules, and

compounds can be used to modify the intrinsic electronic and SWNTSs were prepared by electric-arc discharge method.
mechanical properties of carbon nanotub&#Among these, ~1yPical bundle-type and sea-urchin type nanotubes are pro-
in particular, alkali metal intercalatiofLi, K, Rb, and cg ~ duced using Fe-Ni and Se catalysts, mixed in an anode

has been very actively investigated and rapidly9"a@Phite rod, respectively. A SWNT paper purified by the
progressed:® Su;/uki et al.7'g/ were theg first to report t[r)le yHIDE method® was dispersed by brief sonication in ethanol

intercalation-induced structural disorder. They also observeanq then droplets of this Suspension were doped and dried on
. o . tainless steel substrate. The details of the Cs plasma produc-
a drastic decrease of the work function in the Cs-intercalate

) . on are similar to that of other alkali plasm&swhich takes
smgle-\_/valled caybon nanotub€SWNTS. The major meth'- lace by surface contact ionization. Subsequent plasma ion
ods of intercalation that have been used up to now consist

o - . ; radiation is carried out ol h in avacuum chamber sche-
vapor deposition by thermally diffused gas, capillary Wett'ngmatically shown in Fig. (), where the plasma is radially

of liquid phase, or direct soaking in the solution. These methbonfined by a magnetic fiel(B=2 kG) between a plasma-

ods "."e"'ta?.'y give rise to structura_l disorder, nam.elly, StUCSoyrce electrodéhot platg and an axially terminating end-
tural instability at ambient surroundings due to their inheren

: S . . ) tplate, and its parameters are measured by a Langmuir probe.
air-sensitive property. Therefore, in order to realize the iNSery/hen negative dc bias voltageg{,<0) are applied to the
tion of alkali metals inside the nanotubes, in contrast to th

) n . o Substrate in the plasma with respect to the grounded plasma-
interstitial doping, the_se methods need substantlz_il iMprovesy rce electrode(hot plate, positive Cs ions ;=1
ment through, e.g., intercalant-flux or dopant-drift energy, ;4-10 o3, n; : ion density are substantially accelerated
pontrol. Furthermore, the fapt that. (_Jnly oné Species can t.’By plasma sheaths in front of the substrate and finally bom-
intercalated at one process is a critical barrier to more intriy = 4 the SWNTs
cate applications, such as P-N nanoscale device as predicteg '
by the theoretical calculatiorfs?

In this paper, we mainly focus on the elucidation of Cs-
encapsulating SWNTs. The experimental observations are We performab initio calculations in order to obtain a
accompanied byb initio calculations in order to obtain a more clear insight about the physics of the experimental re-
more accurate/quantitative understanding of the experimentallts. Theab initio approach employed here is based on the
results. As a new experimental approach, we make use of thgeneralized gradient approximati¢®GA) to density func-
plasma ion irradiation method, where differently chargedtional theory. Norm-conserving pseudopotentfalsre used
ions could be selectively encapsulated inside the sameto present core electrons, while valence electrons are de-
sample, just by changing the polarity of applied bias. Al-scribed using numerical atomic orbitals as basis sets. Here
though some works have reported encapsulation of alkalive use split-valence double-basis sets, plus polarization
metals in fullerene cages via ion-beam methbtfand high-  orbitals. As for the GGA exchange-correlation functional, the
energy ion-beam injection of He into charged fullerehes?  Perdew-Burke-ErnzerhofPBE) parametrizatiort® is used.
the present work reports on encapsulation of an alkali metalfirect diagonalization is employed to solve for the electronic
i.e, Cs, in single-walled carbon nanotubes. structure. The same gener initio scheme, implemented

B. Theoretical
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a plasma densit§? For example, the peapods formation yield
(@) cs -—B Endplate is raised up from 20 — 25 % and 40 — 45 %, to 60 — 70 % by
the enhancement of plasma densityng)( from ng
PLASMA = ~10f em™® and ng~10° cm 3, respectively, to ng

>10'%cm™3. This G, encapsulation yield is estimated on

the basis of comparing the length of encapsulating parts to
Hot Plate Probe i i the total length of clearly discernible nanotubes from many
= } Substrate = high resolved images. The images are randomly taken by

field emission type transmission electron microscépi-
TEM, Hitachi HF-2000, which is operated at 200 kV, having

a point-to-point resolution of 0.23 nm. It is reasonable that
higher plasma density means increased irradiation ion-flux,
which may be crucial in the enhancement of the encapsula-
tion rate.

Our structural deformation and consecutive encapsulation
mechanism mentioned above is also strongly supported by
the good agreement of the TEM results with the Raman re-
sults as depicted in Fig.(d). Therefore, in order to evaluate
the degree of structural deformation, we introduce an inten-

(C) 7 sity comparison of Raman peakbp(lg, Ip: Intensity of
6k —8-Ce0 (Cs-Cep) the defect-band g: Intensity of the graphite-bandas a
‘D e —A—Ceo (Li-Ce) quantitative measure of SWNT structure. First, when we ex-
© 51 amine the relationship between the valuel gl and the
= at e applied substrate bias voltage, it is found that the value of
§ Ip/lg increases with increasing the applied bias voltage
=< 3t - Cs value. In other words, the degree of nanostructure disorder
> & K increases due to increased ion irradiation energy. Secondly,
.§ 2r _r 'E.a we have to investigate the dependence oflthéd ¢ value on
= the plasma density that we used at the same substrate bias

—

-3003—2&;0 '200'1;_0'1(\);) I'SO OV 50 voltage. The values ofp/lg for the Gy irradiation with
ubstrate Bias-Voltage (V) ¢ap=10 or 20 V in the Li" — Cy, plasma are lower than the

FIG. 1. (a) Experimental unit used in this studgp) FE-TEM  corresponding values in the case of "CsCqp plasma.
image Showing peapods Synthesized by the p|asma ion irradiatiohlamely, the amount Of Stl’UCtUI’al mOdification inCI’easeS W|th
method. The black arrow in the inset indicates that fullerenes aréhe enhanced £ negative ion flux toward SWNTs. A more
presumably encapsulated via the open end. The scale bar is 4 nifiteresting fact is that the value of /I for Cgq irradiation
(c) Variations ofl /15 values for different substrate bias voltages. by applying ¢,,=10 or 20 V to the alkali-fullerene plasma

[gray region in Fig. {c)] is much higher than that in the case
in the codesiesta?®?! has been successfully applied to a of positive alkali-metal irradiation. Finally, from the relation-
variety of different systems recenfl§z2* The reliability of  ship between the plasma density, thg Encapsulation yield,
the method is further tested for the present case by performand thelp /I value, we can conjecture that the modified
ing separate calculations on Lsand Cs, as well as SWNTs structures in our experimental system are mainly
[CsG]~, and comparing the results against the availablgoroduced by momentum transfer from the accelerated

data in the literaturé>?2® charged particles to the nanotubes; a fact that might contrib-
ute to yielding an enhanced encapsulation of dopants inside
IIl. RESULTS AND DISCUSSION the SWNTs.
A. Structural modification and consecutive filling mechanism
by plasma ion irradiation B. Cs encapsulation inside the SWNTs
We have previously reportét®® the formation of Cs is selected as dopant because of its large diameter

fullerene encapsulating SWNTSs, so called peapods, by appli~ 0.34 nm and heavier weight as compared to other alkali
cation of positive bias¢,,=20 V) to SWNTs, using alkali- metals. The latter is advantageous to make the dopants easier
fullerene plasmas as shown in Figlbl The peapods are to detect byZ-contrast technique in scanning TESTEM),
proved to be synthesized through consecutive open-end fowvhile the former is beneficial for doping only through the
mation by acceleratedgimpact and encapsulation via the open end(not via the tube walland for the stability of the
open ends, within the same plasma irradiation proées. junction configuration. Thus, Cs tends to enter mainly
This is specially denoted by a black arrow in the inset of Fig.through the open end when the tubes are relatively free of
1(b). Recently, we have found that the fullerene encapsulalarge defects in their walls, and once one Cs is blocked inside
tion rate linearly increases with an enhancement of thehe tube from moving further, presumably by a rather small
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FIG. 3. (a) Bright-field STEM image of Cs adsorbed SWNTs.
(b) CorrespondingZ-contrast image ofa). (c) Cs inside filling of
individual nanotube(d) Corresponding-contrast image ofc). Ar-
rows in (c) and (d) indicate the junction of hollow and filled re-
gions.

bundles, which illuminates very brightly in Fig(l3 due to

the Cs presence. On the other hand the junction point be-

tween empty(left side and Cs-filled(right side parts of a

SWNT is clearly designated by arrows in Figsc)3and 3d).

These figures imply the very important fact that Cs ions pre-

sumably do not enter through the side-wall defect, although a
FIG. 2. (a) Bright-field STEM image of sea-urchin type side-wall diffusion is predicted both experimentally and

SWNTs irradiated byp,,= —100 V in Cs plasmalb) Correspond-  theoretically in the case of L(Refs. 5,6 which has a smaller

ing Z-contrast image clearly shows the partial encapsulation of Cgliameter & 0.15 nn) compared with that of Cs~ 0.34

by contrast difference. White/black arrows (@ and (b) indicate ) or the hexagonal ring of the tube-(0.25 nn). If the

hollow/Cs-filled nanotubes, respectively. All scale bars correspongjqe-wall defects, which would be produced by numerous

to 4 nm. Cs-ion bombardments, act as a window for encapsulation,

we cannot explain how this local filling takes place. In other

defect, it blocks the way for the other Cs ions as well. This . ) . L
may not happen for smaller dopants. words, it is very hard to explain why Cs ions are not distrib-

The Z-contrast technique, which is very useful for char- uted uniformly along the entire tube. From these results, we
acterizing the spatial distribution of chemical elements at th&onclude that the Cs encapsulation presumably takes place
atomic scale by STEM (Hitachi HD-2000 in our Vid opened ends, which are caused by momentum transfer
experiments® is adopted to get highly reliable information from Cs ions to SWNTs. In this case, a small defect in the

from the Cs-encapsulating SWNTs. Using this technique,side-wall may block the movement of the Cs ions inside the
Fanet al. have recently reported that the configuration of thetube; hence the localized junction in FigscBand 3d).
iodine atoms intercalated by capillary wetting method inside Figure 4 gives FE-TEM image and ED®nergy disper-
SWNTs is helicaf! It is known that large contrast differ- sive x-ray spectrometry, Norman Instrumeérngpectrum ob-
ences inZ-contrast imaging originate from the intensity dif- tained from the samples treated with ,= — 100 V in the Cs
ferences of high-angle scattered electrons, which are propoplasma. It is evidently seen that an individual and clean
tional to the square of atomic numb@s=55 and G=6). In SWNT is partially filled with Cs. The inset in Fig.(d em-
our case of sea-urchin type SWNTSs, the Cs encapsulatingphasizes the encapsulated cesiums by dotting with black
tube (indicated by black arroyy is darker than the neighbor- circles. Here, in order to obtain the more accurate composi-
ing empty tubegwhite arrows in Fig. 2(a). Tubes encapsu- tional information,in situ EDS analysis is performed during
lating Cs are distinguished as bright stripes-ef1.5 nm the FE-TEM observation. Although we have firstly tried el-
diameters in Fig. @). Specifically, it is evident that the po- ement mapping and line scanning, the amounts of Cs within
sitions of Cs-filled tubes in Fig.(8) exactly coincide with the tubes seem to be insufficient for identification. Due to
the bright lines in dark field image in Fig(l9. this quantitative detection limit of the EDS, the analysis is
Figure 3 reveals the difference between outside adsorptioperformed using the compressed electron bearb fim di-
and inside encapsulation. FiguréaBshows a thin bundle ametey from a very thin and isolated bundle, which inevita-
composed of 2—3 individual nanotubes bridging two thickbly yields a relatively weak intensity for the Cs spectrum
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TABLE I. EnergeticdeV] of Cs-ion adsorptiorioutside or en-
capsulation(inside above (below) the center of a hexagon, the
center of a C-C bond, and a carbon atdirhe reference is different

than that of Fig. 5.

Hexagon C-C bond C atom
adsorption —-0.52 —-0.48 —-0.47
encapsulation —0.65 —0.65 —0.64

dance with the relaxation results, where a reduced C-C bond-
length is detected at the “clean” open efitlsf the tube for

the bonds perpendicular to the tube axis, that indicates a
change of bonding character to triple bond. In order to obtain
e the energetics for the relaxed structure, however, a portion of
O = T the tube, including 132 carbon atoms and resembling a bent

with all the ending hydrogens, are kept fixed. The maximum
force tolerance for the relaxed structures is set to 40 meV/A.
e an ot il The results of the structure relaxations show that all the six
01 23 2586 78910 configurations are local energy minima, and Cs ions are 3.0
Energy (keV) A away from the nanotube wall. From Table I, the energies

of the inside configurations are observed to be lower than the

FIG. 4. FE-TEM image and EDS spectrum obtained from thecorresponding. gne_rgies of the _outside configurations by
samples treated witth,,= — 100 V in the Cs plasmda) A sample 0.15 eV. This indicates that inside encapsulation of the Cs

partially filled by Cs. The inset underlines the encapsulated cesiumi@ns is energetically more favored as compared to the outside
by dotting with black circles(b) EDS result reveals the Cs exis- adsorption. This is attributed to the higher concentration of
tence. the p, orbitals of carbon lattice inside the tube, as a result of
tube curvature.

peak. This process permits us to confirm the Cs presence in Considering the metallic character of the tube, and the
the irradiated SWNTs as shown in Figlbit fact that the nanotube is deposited on a metallic substrate
attached to negative bias voltage, it is reasonable to conclude
that the positive charges of the Cs ions @tleast partially

'g’_s Cs rectangle, whose bordering dangling bonds are saturated
s >4 Cs Cs with hydrogen atoms, is considered. Six different configura-
= 92 tions, defined in Table | and Fig. 5, are chosen for the initial
=} 2o position of the Cs ion. The initial distance of the Cs ion and
o T 354 455 556y the nanotube wall is set to 2.7 A, and throughout the relax-
& [ X : ation process two rows of bordering carbon atoms, together
‘©
C
2
£

C. Computational results of ab initio modeling

We consider &10,10 armchair tube, with a radius of 6.78 b——T——T— —

A in agreement with the experimental observations. Firstthe ~ _ 3.5F 1§ .
potential profiles corresponding to different distances be- % 3 .
tween the Cs ion/atom, located on the diagonal direction in- = 25 i
side the tube, and the nanotube wall are determined. The 20 , _
results, shown in Fig. 3, indicate that there are two minima %’ 15 - ]
along the diagonal direction, in accordance with our previous ~ — Csion  —=— |
results for the Na and K cas&Each of these minima cor- g 0.5 Cs atom --e-- ]
responds to the situation that the Cs ion/atom is separated & ™

from the tube wall by 3.0 A. The energies of the stable con- £ 0 3 i N y
figurations are—0.70 and—0.86 eV for the ionized and 0.5r \gfg/’& n:gl/ﬁ 1
neutral Cs, respectively, as compared to the case that Cs -1_6 5 4392101 23 45 6

ion/atom is located on the tube axis. This energy difference

originates from the extra attractive force in the case of neu- Distance from the tube axis [A]

tral Cs, resulting from the charge transfer to the carbon lat- g, 5. potential energy profile for a Cs ion/atom located on the
tice. These results were obtained, without structure relaxdiagona| directior(perpendicular to the tube axidor different dis-
ation, using a portion of the tube including seven carbonances between the Cs ion/atom an¢L@,10 nanotube walllo-
rings (a carbon ring consists of all the atoms of the tube withcated at+6.78 A). The stable positions are located at a distance of
the same longitudinal coordinatevhere the C-C bonds of 3.0 A from the wall. Inset: Schematic views of the encapsulation of
the open ends were contracted By.2 A. This is in accor- Cs at one or both of the stable positions.
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neutralized. This explains the observation of the combined -1.5
attachment of many Cs atoms in Figga2and 2Zb); a con- 2
figuration which is not possible for Cs ions due to Coulomb
: 25 ¢
repulsion. ~
Mulliken population analysis shows that the net charge of T, -3 I II
both ionized and neutral Cs is0.8e. This indicates the 2 35
electron acceptotdonol character of Cs ionatom after § 4t
encapsulation. The presence of a row of Cs inside one part of ®
the tube, and not in the other part, as is seen in Figs.ehd 4.5 7
2(d), would result in a shift of the density of statd30S) of Sk
one part of the tube as compared to that of the other part. In -5.5 :
Fig. 6 we show the band structures and DOSs of the pure 0 01 02 03 04 05 0.

(10,10 tube, together with two cases of light and heavy dop-
ing with neutral Cs atoms, which correspond to filling only
one or both of the stable positions for Cs depicted in Fig. 3, 80
respectively. The DOS shift in a nanotube enables us to make 70

a doped nanotube junction, which is predi¢fed behave as % M
60 111 .

Longitudinal wave vector

a nanodiode. The system depicted in Figg) 2nd 2d) can
therefore be regarded as the actual realization of such a na- 50
noelectronic device. In calculating the data of Fig. 6, the unit
cell of the nanotube includes six carbon rings. This makes
the mutual Cs-Cs force equal to 60 meV/A, taken to be small 30
20
10 M\AJLI
doping, respectively, within the conduction bands of the 3 2 1 0 1 ) 3
tube. Second, the alignment of the Fermi energy with one of
the van Hove singularities of the DOS of the heavily doped Energy [eV]
tube. This latter feature is of interest as it indicates the su-

enough for assuming a stable configuration. Two of the in-
teresting features of Fig. 6 are: First, the formation of one
perconducting tendency as a result of heavy doping Wm}b
alkali metals.

Density of states [arb. units]
S
=

= |

and two nearly flat bands for the cases of light and heavy

FIG. 6. The band structurg$op) and density of state€DOS)

ottom for a (10,10 tube which is pure(l) and doped with a
single (1) and two(lll) Cs atonts) per six carbon rings. For the
band structures, Fermi energies are located at -3.53, -2.95, and -2.63

IV. CONCLUSIONS eV, fqr the (?ases I, II,_ and 1l respectively. For the DOS curves,
Fermi energies are shifted to zero.

In conclusion, the formation of Cs-encapsulating SWNTs
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