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Abstract. In the last two decades, researchers have been studying various in-
teraction issues between electrodes (primarily metals) and single-wall carbon
nanotubes (SWCNTSs), including contact resistance. To create electronic devices
and electrical circuits based on SWCNTs, it is crucial to have a better under-
standing of how the interface between the electrode and the nanotube influences
contact resistance. The electronic and electrical characteristics of SWCNT (6,6)
in contact with other SWCNTSs were investigated using density functional theory
(DFT) and non-equilibrium Green's function (NEGF) methods using the SIESTA
software package. We explored the rotation of SWCNTSs relative to electrodes
and obtained dependences of resistance, band structures, and local density of
states (LDOS) for SWCNT models as a function of rotation angle. In cases where
the electrodes and central tube were identical, a three-fold decrease in conduct-
ance was observed at 12 degrees. The resistance behavior was due to the localiza-
tion of electrons near the interface, as confirmed by the LDOS analysis. When the
electrodes and central tube were different, the calculated resistances were very
high, making these interface configurations ineffective for circuit applications.

Keywords: carbon nanotubes; DFT; NEGF; electrical resistance; band struc-
ture; local density of states.

Introduction

Carbon nanotubes (CNT) remain a promising material for nanoscale field effect transistors (FET)
[1]. It is possible to fabricate CNT FET with a gate length of 5 nm [2], minimizing a transistor footprint
down 40 nm [3]. Excellent mechanical and electrical properties make CNT utilizable in printed film
flexible electronics [4]. CNT FET massive production is possible, but it requires to solve technological
difficulties [5]. The main problems are correlated with the metrology and quality control [5]. Also, the
industry lacks a general experience and know-how on CNT FET mass fabrication [5]. On laboratory
scale, it is possible to fabricate a RISC-V microprocessor from CNT FETSs [6]. Besides FETs, CNT has a
great potential in gas sensing [7]. C,H, and H, molecules can be detected via a simple electrical response
[8]. Furthermore, the reaction to magnetic field makes CNTs a promising material for spintronics [9]. In
general, CNT have applications in many fields, various prototypes were constructed, but a commercial
production has not yet been achieved.

The interaction of metals with single-walled carbon nanotubes has been one of the most actively
studied areas over the past twenty years. Among the most important contact parameters are the height of
the Schottky barrier [10, 11] and contact resistance [12, 13] which are defining parameters for CNT
FETs. It is well established, that these parameters depend on interface type and electrode material [10—
13]. Yet, the exact dependence is a subject for further investigations. This is required to produce CNT
FETs and gas sensors with predetermined parameters. Single-walled carbon nanotubes (SWNT) struc-
ture defects also influence its resistance besides electrode material [14-16]. Even with related structure,
SWNT-graphene interface can exhibit diverse properties [17, 18]. Understanding contact resistance be-
havior in case of nanotubes with an unideal interface can help to engineer electric circuits based on
SWNT. Density functional theory calculations enable investigation of the precise interface geometry and
electrode material [10-13] without additional factors, in comparison with experiment.

In this paper, we investigated SWNT-SWNT interface properties by first-principles calculation
methods. We calculated interface dependence of SWNT resistance, band structures and local density of
states. We found out interface configuration when SWNT resistance is increasing by three times of pris-
tine one. In some cases, the local density of states shifts to contact sites, leaving empty cross rings of
SWNT.
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Computational details

Current-voltage characteristics of ideal SWNT (6,6) were calculated using the software package
SIESTA [19], based on the density functional theory and nonequilibrium Green’s function method with
double-§ (DZ) basis sets [20]. Relaxation of the carbon nanotube’s geometry was performed based on
the local density approximation (LDA) and the generalized gradient approximation (GGA) with
Ceperley—Alder (CA) and Becke—Lee—Yang—Parr (BLYP) pseudopotentials, respectively. The mesh
cutoff was 200 Ry. The k-point distribution for all structures was 1x1x30 in x-, y- and z-directions (tube
axis), respectively. GUI4dft was used to analyze the calculation’s output [21].

Relaxed SWNT geometries, consisting of 72 and 96 atoms, were used to construct simulation mod-
els with the central region through which current is driven in response to a voltage applied to the left and
the right regions which are treated as electrodes. The distance between the central region and electrodes
from both sides was taken as the average distance between circles of the nanotube: 1,231 A and 1,242 A
for LDA and GGA, respectively. The structure was oriented in such way, that the tube is parallel to the
z-direction. There were 4 models in total, which are called “72-727, “72-96”, “96-72” and “96-96”,
where the first number is the quantity of atoms in each electrode regions, the second one is the number
of atoms in the central region. Some of the models are presented in fig. 1, a and b.

For angular dependence of SWNT resistance calculation we used LDA, the central region of “72—
96 model rotated around the axis of the tube. The third number in the designation of such models is the
angle (in degrees) of the central region rotation relative to the electrode regions. The structures of the
“72-96-4” and “72-96-14" models are shown in fig. 1, ¢ and d, respectively. TBtrans was used for cur-
rent’s calculation of electrode systems [20].

Electrode systems calculations with different from central tube electrodes were also performed in
LDA approximation. The distance between electrodes remains 1,231 A. Such models were named ac-
cording to the chiral indices of the electrodes and the central part. For example, (4,4)(6,6)(4,4), where
the first and last brackets mean chiral indices of electrodes SWNT and the middle one of the central
tube.
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Fig. 1. The SWNT with electrodes: (a) “72-72”"; (b) “72-96"; (c) “72-96—4"; (d) “72-96-14"

Result and discussion

. SWNT (6’6) Is an armchair nanOt.Ube The resistance of SWNT (6,6) in various models Tevlet
\é\gltgu I?atirgrilss)ta?g;] 64??160h£|c(;?§é§“$:| Model Approximation | Resistance, Q | Error, %

. L “72-72” LDA 6461 0,17
sistances from the linear I-V curves of —; - !
various models are presented in Table 1. ;2:23 tgﬁ gj;g 8;’1
GGA have a smaller error than LDA, but —; > ’
both errors (relative to 6450 ohm) are less “96796” LDA 6474 0,38
0,5 %. LDA approximation has a less 72-72 GGA 6464 0,22
computational cost and faster mesh cutoff “72-96” GGA 6469 0,30
convergence than GGA [23], so we used | 26=72" GGA 6458 0,13
it in the following calculations. The “72— “96-96" GGA 6459 0,15

96 model was used as the basis for the rotated structures.
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Fig. 2. The band structures of (a) “72-96"; (b) “72-96-8"; (c) “72-96-12” and
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(d) “72-96-18” models.

Energies have been shifted to Fermi level

The band structures of electrode systems with the pristine and rotated central region are presented in
fig. 2. The bending of bands around the Fermi level is observed (fig. 2, b) and further bending of more
bands at higher angles. The gap in valence bands is observed at 8° angle, at higher angles it disappeared.

The 1-V curves of rotated structures were also linear and consisted of three points: 0, 0,2 and 0,4 V.
The angular dependence of SWNT resistance is shown in fig. 3. Change of curve periodicity each 12° is
observed. We note the geometry periodicity of SWNT (6,6) is 60°. It means rotation angles, for exam-
ple, 4° and 56° (60°—4°) are equivalent. Resistances of structures with equivalent angles are the same
except for 12° and 48° angles with 8 % difference. It can be explained by the instability of this structure,
the uneven distribution of C-C bonds at contact sites.
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Fig. 3. Angular dependence of SWNT resistance.
Parabolic approximations are shown by dashed lines
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The local densities of states with the pristine and rotated central tube are presented in fig. 4. They
were calculated in the energy range from Ex — 0,1 eV to E¢ with iso surface value 10 suaee It shows an
electron’s transition to junctions of the central and the electrode regions at high angles, which we can

see in fig. 4, d. In case of 12° angle (fig. 4, ¢) almost empty rings in the central tube are observed. It can
explain high resistance of this case.

Fig. 4. The local density of states of: (a) “72-96"; (b) “72-96-8"; (c) “72-96-12"; (d) “72-96-18" models
Electrode system resistances with different types of elec- _ Table 2
trodes: armchair SWNTs with (4,4), (5,5), (7,7) and (8,8) chiral ~ Resistance of electrode systems with dif-
L. . . ferent electrodes. d; —relative difference of
indices are presented in table 2. The central tube remained the central region and electrodes nanotube

same SWNT (6,6). The higher a difference in chiral indices radius

between electrodes and the central tube, the higher a contact | Electrode system R, Q d

resistance. We note the contact resistance of SWNT with (4,4)(6,6)(4,4) 473934 | 0,33

smaller chiral indices than the central tube is higher than with (5,5)(6,6)(5,5) 42371 | 0,17

bigger ones. (7,7)(6,6)(7,7) 19546 | 0,17

(8,8)(6,6)(8,8) | 29134 | 0,33

Conclusion

Using density-functional theory and nonequilibrium Green’s function methods, we calculated
SWNT — SWNT interface properties. In particular, we obtained the band structures, the local density of
states and resistance for various interface configurations. We found out the increase of resistance up to
three times the intrinsic one of the armchair SWNT due to rotating the central region. Obtained angular
dependence of SWNT resistance can be used for engineering nanomechanical devices. Overall, using
armchair SWNT as an interconnector between other armchair SWNTSs is probably ineffective in terms of
contact resistance, even in the situation, when armchair tubes are the same. However, a careful study of
the optimal contact geometry of different chiral SWNTSs is needed to ensure this statement.
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NEPBOMNPUHUUIMHOE UCCIIEQOBAHUE 3NIEKTPOHHbIX U INEKTPUHECKUX
CBOUCTB UHTEP®PENCOB YIMEPOAHbIX HAHOTPYBOK

P.M. Jlamsbinose, C.A. Co3bikuH, B.l1. Becka4ko
FOxHO-Ypanbckuli 2ocydapcmeeHHbIl yHusepcumem, 2. HenabuHck, Pocculickas ®edepayus
E-mail: latypovrm@susu.ru

AHHOTanus. 3a mocjeaHue JBa ACCATHICTUS ObUIM N3yUYeHbI Pa3IMYHbIC acTIEKThl B3aUMOJICHCTBUS
MEXIY JIEKTPOoJaMH (B OCHOBHOM METAJUNIMYECKUMH) M OJAHOCTEHHBIMH YTJIEPOAHBIMU HAHOTPYOKaMu
(OYHT), Bximto4yast KOHTaKTHOE COTpOTHBIeHHE. MIHTEepec K ATOW TeMaTHKE CBSI3aH C TEM, YTO IS CO3-
JIaHMsI DJIEKTPOHHBIX YCTPOUCTB M 3JEKTpHUeCKUX cxeM Ha ocHoBe OYHT HeoOX0auMo MmoHUMATh, Kak
KOH(UTYypalusi KOHTAKTa MEXIY dJEKTPOJOM M HAHOTPYOKOW BIHMSET Ha KOHTAKTHOE COTPOTHUBIICHHE.
B nHacrosmieii pabote 3nekTpoHHbIE U 3iekTpuueckue csoiictBa OYHT (6,6) npu KoHTaKTe ¢ JpyrumMu
HAHOTPyOKaMH ObUIM MCCIIEIOBAHBI C TIOMOIIBIO TEOPHU (QYHKIIMOHAA IUIOTHOCTH M METO/Ia HepaBHO-
BecHbIX (yHKIMH ['puHa ¢ ucnonszoBannem nporpammuoro nakera SIESTA. B wactHocTH, ObUTH TTO-
JIy4EHBbl 3aBUCUMOCTH COIPOTHUBIICHUS, 30HHON CTPYKTYpbI U JIOKAJIHON IUIOTHOCTH JIEKTPOHHBIX CO-
crossaui (LDOS) moneneit OYHT ot yria nmoBopoTra HaHOTPYOKM OTHOCHTENBHO 3JIEKTPOAOB. B ciy-
Yae, KOrja dJIEKTPOJbl W IIEHTpaNbHAs HAHOTPyOKa ObUIM OJMHAKOBBIMH, HAOJIOAATIOCh YMEHbBIICHHE
MPOBOJMMOCTH B TpU pa3a mpH yrie 12°. MI3MeHeHHe CONpPOTUBICHUSI OBbUIO BHI3BAHO JIOKATHM3AIIUEH
3JIEKTPOHOB BOJIM3M KOHTAKTa, 4To moATBepxkaaercs ananuzoM LDOS. B ciydae, korna 31mekTponsl U
HEHTpalibHass HAHOTPYOKa ObUTM pa3HBIMH, pacueTHbIE CONPOTUBIICHUS ObUIM OYE€HBb BBICOKUMH, TTO3TO-
My Takue KOHQUTypaluu naTepderica HeaPeKTUBHBI ISl HCIIOIB30BAHUS B AJIEKTPUIECKUX CXEMaX.

Knrouesvle cnosa: yenepoousie nanompyoxu, DFT; NEGF; saexmpuueckoe conpomuenenue; 30H-
Has cmpyKkmypa, 10KATbHAS NAOMHOCHb JJIEKMPOHHBIX COCMOAHULL
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