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Anomalous length scaling of carbon nanotube-metal contact resistance:

An ab initio study
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Graduate School of EEWS and KI for NanoCentury, Korea Advanced Institute of Science and Technology,

Daejeon 305-701, South Korea
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Employing open-ended carbon nanotubes (CNTs) with and without hydrogen termination, we
study the length scaling of metal-CNT contact resistance and its correlation with chemical bonding
from first principles. Both models similarly show a transition from the fast-growing short-length
scaling to the slow-growing long-length scaling. However, while the hydrogenated CNTs have
much lower short-length resistances than H-free CNTs, Schottky barrier of the former is almost
twice thicker and its eventual long-length-limit resistance becomes significantly higher. This
demonstrates the critical role of atomistic details in metal-CNT contacts and localized CNT edge
states for the Schottky barrier shape and metal-induced gap states. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4721487]

While carbon nanotubes (CNTs) have long been consid-
ered as a prime candidate for next-generation field-effect
transistor channel materials,'” achieving CNT transistors
with dimensions suitable for future technology nodes still
remains a paramount challenge.>* One of the major
obstacles arises from the incomplete understanding and thus
a guideline of atomic scale control of CNT-metal contacts.’
The device function of CNT transistors operating near the
ballistic transport regime arises via the modulation of
Schottky barriers at the metal-CNT interfaces rather than the
channel conductance.’ However, the nature of Schottky bar-
riers depends, in a complicated manner, on the CNT diame-
ter, electrode metal type, and CNT-metal interface
geometry,” and there still exist large discrepancies in both
theoretical predictions and experimental results.’ In fact,
there is no agreement even on the optimal type of metal-
CNT chemical bonding necessary to achieve low-resistance
contacts. Most experimental efforts have focused on estab-
lishing strong metal-CNT chemical bonds.>* Meanwhile, it
was also theoretically suggested that weak hybridization is
ideal to form a “good” (low-Schottky barrier) contact.”

In this work, by carrying out large-scale first-principles
calculations on two (10,0) CNT models with and without H
edge termination contacted to Al(111) electrodes, we study
the correlation between metal-CNT contact atomic structures
and junction resistances. In a previous work, we have estab-
lished the significant impact of CNT diameter on the contact
resistances using (8,0) and (10,0) CNTs with H-free clean
edges sandwiched between Au(111) electrodes. The key con-
sideration point in the present study is, in addition to the
strength of metal-CNT bonding, the scaling of resistance
with nanotube length. We find that in both junction models
the length scaling changes from a Schottky-barrier-domi-
nated short-length scaling to a CNT-body-intrinsic long-
length scaling. In spite of the similar transitioning behavior,
we show that the channel length where the scaling transition
occurs (i.e., twice the Schottky barrier width) is almost two
times shorter for the contact model based on H-free CNTs.
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So, although the contact resistance of the hydrogenated CNT
(with weak metal-CNT chemical bonds) is, e.g., two orders
of magnitude lower than that of the H-free CNT (with strong
metal-CNT chemical bonds) at the channel length of about
2nm, it eventually becomes about two orders of magnitude
higher in the long channel length limit. The nontrivial and
drastically different length scaling of junction resistances
with the two similar contact models and especially the rever-
sal of their ordering in the short and long length limits not
only demonstrate the critical effect of atomistic details on
contact resistances but also identify a source of contradicting
theoretical predictions on the nature of metal-CNT chemical
bonding that minimizes contact resistances—a key unre-
solved issue for the successful realization of carbon nanoe-
lectronics. We will point out that the microscopic origin of
the anomalous resistance length scaling behavior is the char-
acteristic localized states in the CNT edges,”'® which indi-
cates that similar observations might be also made in
graphene-based contacts.

In Fig. 1(a), we first show the open-ended CNT models
without (open) and with (H-end) hydrogen termination
adopted in this work. We used (10,0) CNT with diameter
0.79 nm, because smaller-diameter CNTs have work func-
tions that substantially fluctuate with diameter'' and accord-
ingly non-general metal-CNT band alignment and charge
injection properties.' The open model is typically employed
for the first-principles study of contacts based on strong
metal-CNT chemical bonds.'>'> On the other hand, the
H-end model represents the weak metal-CNT chemical
bonding situation. The length scaling of the side-contacted
junction model, which is another widely used atomistic junc-
tion model with weak metal-CNT chemical bonds,*'>™" is
more difficult to consider from first principles as the contact
length can be another important variable.* While we leave it
for future studies, we note that there exists evidence that the
CNT edge is the more preferable charge injection path than
the CNT side.”®*' The device models were finalized by
sandwiching the open and H-end CNTs between two-layer
6 x 6 Al(111) slabs. The AI-CNT contact distance was fixed
at 2.5 A, which is between the optimal values for the two
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FIG. 1. (a) Top and side views of (10,0) CNT models without (H-end) and
with (open) H termination employed in this work. (b) Resistance length
scaling of the open (black squares) and H-end (red circles) models. Insets:
The same curves shown in the normal scale together with the fits to the
long-length scaling regimes starting at the transition points marked by
arrows.

models, 2.0A for open and 3.3 A for H-end. This enables a
straightforward comparison of the charge injection capacity
of the two cases without the complication of the contact-
distance dependence. Results at the optimal contact distances
will amplify the differences between the two models and not
modify the results presented below in a qualitative manner.

We applied a first-principles approach combining
density-functional theory (DFT) and matrix Green’s function
(MGF) calculations.'**? Density functional calculations
within the Perdew-Burke-Enzhrof generalized-gradient
approximation® were carried out using the SeqQuest pro-
gram (Sandia National Laboratories), which is based on
norm-conserving pseudopotentials and Gaussian basis sets.
To extract the junction resistance information, we employed
our in-house code that implements the MGF approach®* and
has been successfully applied to various systems including
the metal-CNT contacts.'>**** We started from the device
DFT calculations, for which we adopted the double-{-plus-
polarization-level basis sets for aluminium and hydrogen and
the single-(-level basis set and carbon. Next, transmission
function was calculated according to

T(E) = Tr[['1(E)G(E)T2(E)G*(E)], (1)

where G and I' are the retarded Green’s function,
G(E)=(ES—H+X,+3%,)”", and broadening function,
Tio=1i(3,— > 7,), respectively. The self-energies X, /2
provide the s ab initio broadening and shift of the channel
energy levels attributed to the coupling between the CNTs
and metal electrode 1/2. The surface green functions, a key
ingredient in computing self energies accurately, were
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extracted from two independent bulk DFT calculations for
the three-layer 6 x 6 x 1 Al(111) cells corresponding to the
top and bottom electrodes with a single I /;H-point sampling
along the electrode-surface direction and a four-k | -point
sampling along the electrode-normal direction. Our calcula-
tions for the junction models including up to 684 atoms are
one of the largest first-principles MGF studies to date.
Although it is possible to treat even mesoscopic-scale junc-
tions by patching channel resistances obtained from thou-
sands of independent small MGF calculations,?® it should be
noted that such a scheme cannot be straightforwardly applied
to the atomistic junction models that include electrodes as
well as the channel itself.

In Fig. 1(b), we show the length scaling of resistances of
open and H-end CNT models, respectively, calculated using
the Landauer formula®*

R —TE)M
7RQ+2_(32W’ )

where h is the Planck’s constant, M is the number of modes
(M =2 for CNT), Rg= h/4e* ~6.5kQ is the quantized con-
tact resistance, and the last term is the channel resistance.
For CNT junctions with channel length L., longer than typi-
cal scattering lengths, e.g., low-bias mean free path A, of
~200nm driven by acoustic phonons, the last term domi-
nates the length scaling and will lead to the linearly increasing
resistance ~Lcy/Any, as required by Ohm’s law.*** However,
for our short CNT models, the resistance should instead fol-
low the expression for the tunneling in metal-insulator-metal
junctions and scale exponentially according to

R = Roexp(fBLen), 3

where R is an effective contact resistance and f is the tun-
neling growth constant,?” with a minimum resistance of Ro.
The resistances show the minimum achievable resist-
ance of Ry at short lengths and rapidly increase with L.
The most noticeable common feature is the abrupt transition
from the large-f to small-f scaling regimes (from 0.38 to
0.11 at 2.7 nm for the open model and from 0.52 to 0.16 at
4.7 nm for the H-end model). While similar transition behav-
ior was previously observed for some molecular wires,?*°
we point out that the physical origin in the two cases is dif-
ferent. In the molecular junction experiments, the long-
length scaling is linear and originates from the thermally
activated hopping, i.e., the transition results from the change
in the charge transport mechanism from coherent tunneling
at short lengths to incoherent hopping at long lengths. On the
other hand, the long-length scaling in our CNT models also
originates from tunneling as the short-length scaling. Indeed,
the linear-scale plots of R versus L, for long CNTs are expo-
nential, as shown in the insets of Fig. 1(b). Therefore, instead
of a change in the transport mechanism, the transition corre-
sponds to that from the Schottky-barrier-dominated interface
to the CNT-body-dominated intrinsic conductance regimes.
One important quantitative difference between the two
scaling curves is the transition length, i.e., 2.7 and 4.7 nm for
the open and H-end models, respectively. The transition
length effectively defines (twice) the Schottky barrier width
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FIG. 2. Structural, electrostatic, electronic, and transport properties of
Al(111)-open CNT contacts. (a) Side view of the junction model. The corre-
sponding (b) plane-averaged charge density differences at the AI-CNT con-
tact Ap and its integration Q, (c) LDOS along the channel shown in the log
scale, and (d) transmission.

or (twice) the decay length of metal-induced gap states
(MIGS) that will be discussed below. Overall, the above dif-
ference implies that the Schottky barrier shape (especially
width) depends sensitively on the bonding characters of
metal-CNT contacts.

In Fig. 1(b), we finally note that the difference in the
transition length (or Schottky barrier width) results in the re-
sistance of the H-end model (with weak metal-CNT chemi-
cal bonds) being lower than that of the open model (with
strong metal-CNT chemical bonds) for short L., (below
~4.5nm), which is the opposite of the eventual ordering in
the long L, limit. This identifies the origin of the contro-
versy on the metal-CNT bonding strength required for opti-
mal contacts and, more generally, explains the limited
relevance of most previous first-principles studies (based on
short CNT models and/or without checking the resistance
length scaling) for the actual device engineering.

To understand the peculiar length scaling behavior of the
two junction models, we now analyze the metal-CNT charge
transfer, spatial distribution of energy levels including MIGS,
and transmission in detail using the 12-unit open and H-end
CNT models (with Ly, of 5.5nm and 5.7 nm, respectively,
i.e., in the long-length regime) as shown in Figs. 2(a) and 3(a),
respectively. First, we the plane-averaged real-space charge
redistributions resulting from the metal-CNT interaction
Ap = penteal — (Pont + par) and integrated plane-averaged
charge density differences Q(z) = [; Ap(z')dz’ shown in Figs.
2(b) and 3(b) for the open and H-end models, respectively. A
positive (negative) Ap indicates a gain (loss) in electron den-
sity upon the metal-CNT coupling, while a positive (negative)
Q indicates a right-to-left (left-to-right) electron transfer. We

Appl. Phys. Lett. 100, 213113 (2012)
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FIG. 3. Structural, electrostatic, electronic, and transport properties of
Al(111)-H-end CNT contacts. (a) Side view of the junction model. The cor-
responding (b) plane-averaged charge density differences at the AI-CNT
contact Ap and its integration Q, (c) LDOS along the channel shown in the
log scale, and (d) transmission.

observe induced charge redistribution in the open model: The
net Al-to-CNT charge transfer is the strongest in the interface
gap region but also penetrates into the CNT by several ang-
stroms. Meanwhile, for the H-end model, much smaller net
CNT:H-to-Al electron transfer and its faster decay along the
CNT and Al are observed.

The above-described electrostatic information discrimi-
nates the open and H-end models, and, e.g., the significantly
smaller resistance of open compared with that of H-end in the
long-length limit can be correlated with the much larger
charge transfer in the former. However, the contrasting scaling
transitioning behavior, particularly the much smaller resist-
ance of weakly bonded H-end in the short-length limits can-
not be explained by the amount of charge transfer alone.
Therefore, we next examine the energy-level alignment and
energy-dependent charge injection properties analyzed by the
local density of states (LDOS) and transmission, respectively.

Comparing Figs. 2(c) and 3(c) for open and H-end,
respectively, we note, e.g., the stronger n-type (or more
downshifted) band alignment of open than H-end in agree-
ment with the difference in the amount of charge transfer.
More importantly, we observe a clear and more microscopic
picture that signifies better metal-CNT electronic connectiv-
ity in the open model than in the H-end counterpart; while
LDOS around the metal-H-end CNT contact regions are dis-
tinctively disconnected [Fig. 3(c)], we find more continuous
metal-CNT spectra in the metal-open interface regions [Fig.
2(c)]. This results in overall much more prominent LDOS
and resulting stronger (long-length-limit) transmissions
[Figs. 2(d) and 3(d)] not only near the Fermi level Er but
also outside the band edges (indicated by blue double
arrows) in open than in H-end.
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The only exception to the above-described comparative
features of LDOS spectra result from MIGS (indicated by
red left triangles) that are energetically located between the
valence and conduction band edges and spatially formed
near the metal-CNT contact area and exponentially decay
into the CNT body. While the transmissions resulting from
these MIGS are negligible for the CNT models in the long-
length limit [Figs. 2(d) and 3(d)], they in fact determine the
short-length limit resistances [Fig. 1(b)]. Comparing now the
H-end and open models, we find that, in contrast to other
states, MIGS LDOS of H-end located at Ey are more pro-
nounced than those in open that appear below the conduction
band edge. Using the open model, we have previously
pointed out that the strength of these MIGS and associated
interface dipole (or the amount of charge transfer) can be
stronger for narrower-diameter CNTs.'> However, the
atomic structure of CNT edges is apparently a more impor-
tant factor in determining the nature of MIGS, which
induced the very low contact resistances of the short H-end
models as observed in Fig. 1(b). To be specific, the origin of
MIGS pinned at Ef is the localized states appearing at the
hydrogenated edges of graphene sheets.” We note that such
localized states also coexist with the dangling bond states at
the dehydrogenated pristine graphene edges.'® However, our
data show that although the identity of localized states in the
hydrogenated graphene/CNT edges are well-preserved even
after the weak bonding with metals, the localized states in
the H-free graphene edges more easily lose their characters
upon strong metal-graphene/CNT bonding.

In summary, by observing the length scaling of contact
resistances obtained from first principles, we have demon-
strated the strikingly sensitive dependence of Schottky bar-
rier shape and associated interface dipoles and MIGS on the
atomistic details of metal-CNT contacts. We showed that the
quality of contacts can be fully understood only by looking
into both the long-length limit resistance (transmission
curve) and the local chemistry (LDOS plot). Localized states
ubiquitous to graphene/CNT edges were identified as an im-
portant source of MIGS, which can critically affect the
charge injection behavior and result in an anomalous resist-
ance length scaling. The fact that the MIGS decay length can
vary substantially according to the atomic structure of metal-
CNT contacts and the MIGS-dominated contact region can
extend up to ~5nm should have significant implications in
realizing sub-10 nm CNT transistors.*
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